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In these Lessons, which are intended for the use 
of those who have had no previous instruction 
in the subject, I have endeavoured to bring into 
prominence the leading principles of Mechanics, and 
to exemplify them by simple illustrations ; and with 
the view of showing the connection between this 
science and other branches of Physics, some few 
pages have been set apart to a brief exposition of 
the Doctrine of Energy. 

In arranging the contents of this volume I have 
deviated considerably from the plan usually adopted, 
atidhave been guided by the general principle that 
the idea of Motion is liiore elementary than that of 
Force, and that two Forces, at least, must combine 
to produce Equilibrium. In accordance with this 
view the subject of Statics has been made to depend 
on the laws of Dynamics, and these are preceded by 
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a discussion of some of the simplest principles of 
Motion. I cannot help thinking that the theory of 
Equilibrium occupies too prominent a position in 
many of our Text-books, and that the student obtains, 
in the problems of Statics, a very inadequate idea of 
Force and of its modes of expression. In the present 
arrangement I have followed that order which ap- 
pears to me to be most logical, and which experience 
in teaching has sho\^n to be practically advantageous. 

The book contains that amoimt of matter which 
a pupil may be expected to acquire in a first year'a 
course of instruction in the subject. It is divided 
into a number of Sections, which may serve as 
separate lessons, and should be studied in the order 
in which they occur. All important propositions 
are illustrated by numerical examples, worked out 
in the text, and the lessons are furnished with 
exercises progressively arranged. To render the 
work more especially serviceable to candidates for 
the Matriculation and Preliminary Scientific Exami- 
nations of the University of London, all questions set 
during the last few years have been classified, and 
appended to the several chapters to which they 
correspond. Answers to the Exercises and Exami- 
nation Questions are given at the end of the volume. 
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In writdzig these lessons, I have had in view the 
want, which is very generally felt, of a School Text- 
book, sofficientlj elementary to be placed in the 
hands of a beginner, and yet affording a trustworthy 
basis for the subsequent work of the student. To 
what extent I have succeeded in meeting this want, 
I must leave others to determine. 

I take this opportunity to express my thanks to 
my friend Mr. Benjamin Eisch, Barrister-at-Law, 
for the assistance he has afforded me in revising 
the proofs, and for many valuable suggestions, whilst 
the work was passing through the press. 

P.M. 

January 1875. 
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INTRODUCTION. 

§ 1. Motion. — Our earliest observations must 
have shown us that some things are moving and that 
others appear to be at rest. We know what motion 
means when we watch the rising of the sun, the 
passage of a bird through the air, the waving of 
the trees in the wind, or the rushing of the waves to 
the sea-shore. Every variety of matter seems to be 
endowed with the iaculty of movement. The stone 
&lls to the ground, the flower opens its petals to the 
sun, and living creatures of every size and shape 
move in endless ways. 

§ 2. jELest. — We are equally familiar with 
bodies in a state of rest. Nothing seems more im- 
movable than the earth on which we stand. The 
various things we see around us, — the books that lie 
upon OUT shelves, the pictures that hang upon our 
walls, are all apparently at rest, and we expect them 
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2 INTRODUCTION. 

to remain so unless thej happen to be disturbed by 
some external cause. A little thought will show us 
that this state of rest is not as simple as it seems. 
Let us suppose that we are travelling in a railway- 
carriage, and that another train is moving in the 
same direction on adjoining rails. After a time it 
overtakes us and then the two trains move on side 
by side with equal speed. In this case all sense of 
motion will be lost ; the train at which we are look- 
ing and the carriage in which we sit will equally 
appear to be at rest. This simple illustration is 
sufficient to make us see that objects may be moving 
when we suppose them to be stationary, and that the 
evidence of our senses cannot wholly be trusted. 
Now the earth on which we stand is in the position 
of the second train. It is moving roimd the sun with 
a considerable velocity ; but as we are moving with 
it and at the same rate, it appears to us to be at 
rest. 

Let us consider, further, the condition of those 
bodies, which although absolutely moving with the 
earth are, relatively to us, at rest. Take the picture 
hanging on the wall. The picture is suspended by 
cords which hang over a nail. If these cords were 
to break, or the nail were to give way, the picture, 
we know very well, would at once fell to the ground. 
It appears, therefore, that the picture, although at 
rest, is really tending to fall and is only prevented 
from obeying its natural tendency by the cords and 
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nail that hold it back. What is true of the picture 
is true of all things that are in any waj supported. 
Each article of furniture in this room would fall 
through the floor, if the floor were not strong enough 
to support it. There is a vessel on the table filled 
with water, and in the side of the vessel is a cork. 
The water appears to be motionless. Remove the 
cork and the water immediately begins to flow out. 
This water then is endowed with a tendency to motion 
which the sides of the vessel resisted. The air of the 
room is seldom still. But suppose for a moment that 
there is no kind of draught. Let a window or fire- 
place be opened, let the air be freed in some direction 
from restraint, and it will at once obey its tendency 
and begin to move. In these examples no reference 
has been made to the cause or causes that are sup- 
posed to produce the several movements indicated. 
But the causes themselves do not come within the 
range of our observing faculties. All that observa- 
tion teaches us is, that bodies tend to move. 

§ 3. Motion in Molecules. — If we examine 
matter more minutely we shall find that it consists of 
molecules or very small portions, and that among 
these particles movements are constantly taking place 
which are separately hidden from the eye, but 
the total result of which can be discerned. We 
liave all noticed, perhaps, that on a line of rails a 
certain space is left between the separate pieces at 

B 2 



4 INTRODUCTION. 

the points where they are joined together. This 
space is left, because it is found that the length of 
the rails increases in hot weather and decreases in 
cold weather; and if the line of rails consisted of 
one continuous bar of iron fixed at its two extremi- 
ties, it would become bent and twisted in order to 
find room for its expansion. If we put a liquid into 
a glass vessel and place the vessel over the flame of 
a spirit lamp, we shall very soon observe that the 
liquid is rising in the vessel, and after a time it will 
begin to boil, and its particles will be violently agi- 
tated. We know how seldom perfect stillness prevails 
in the atmosphere. The wind is always blowing some- 
where. Now the motion of the air is caused directly 
or indirectly by the sun's heat, and the sun's heat is 
ever varying in intensity. These examples serve to 
show that heat is accompanied by motion : but this 
motion takes place among the particles themselves 
of which the body consists. The body, as a whole, 
does not move irom place to place ; but with every 
variation in its temperature there is a corresponding 
movement among the particles which compose it. 

We can take another illustration. Most persons 
know what happens if a stick of sealing-wax be 
rubbed on flannel and then held over some scraps of 
paper. The pieces of paper will at once begin to move 
towards the wax, and may be made to stand on end 
under its influence. They are electrified, and in that 
condition they tend to move. Now, we cannot here 
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say to what extent the particles of every body are thus 
influenced. There may exist opposing tendencies to 
motion, and in that case no visible effect will be pro- * 
duced. But whenever electricity is developed the 
particles of the body are agitated, and motion, or the 
tendency to motion, results. 

We have hitherto considered inanimate matter. 
Let us now see what happens in the animal and 
vegetable world. A plant or animal may be said to 
differ from a piece of lifeless matter by its growth 
and decay. Now growth implies a continuous change 
in the particles of which a body consists. A living 
organism cannot preserve its old particles and at the 
same time acquire new. It increases by the decay 
of old and the substitution of new matter. In this 
respect animate bodies increase much in the same way 
as a merchant's capital. A capitalist cannot grow 
rich by hoarding : on the contrary, he must become 
daily poorer, for how parsimonious soever he may be, 
he must consume a portion of what he possesses to 
support life. It is only by spending money, by 
buying and selling, by constantly exchanging capital 
and allowing it to be used by labourers as food, that 
capital can increase. The same is true of living 
tissue. In growing it undergoes continuous decay, 
and the decay is continuously repaired. When the 
process of reparation does not proceed as rapidly as 
that of decay, the plant begins to fade and the animal 
to die. In this continuous decay and reproduction 
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we have a further example of motion among the 
molecules of bodies. 

We thus see that bodies themselves and their 
molecules are constantly in motion or tending to 
move : that absolute rest nowhere exists ; and that 
what we call rest, which is really rest relatively to 
us, can be analysed into counteracted tendencies to 
motion. As motion is thus universally present, we 
are sensible of what it is, without being able to 
define it It does not admit of explanation ; for 
there is no condition, in which matter exists, that is 
simpler or more elementary. 

§ 4. Varieties of Hotion. — There are different 
kinds of motion. Let us see what they are. If a 
body moves from* one place to another place it is said 
to undergo translation. It may move in a straight 
line or in a curve. The run of a billiard-ball is an 
example of motion in a straight line. The flight of 
an arrow and the course of the planets illustrate what 
is meant by curvilinear motion. 

When a body moves about a fixed point or axis, 
round which the particles describe concentric circles, 
the body is said to rotate, A door rotates on it« 
hinges, a wheel on its axle. It frequently happens 
that several motions are combined. A body tend- 
ing to move in two different directions may be 
found to move in a straight line between them, or to 
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assdme a curyilinear motion as the result of these two 
tendencies. Thus the path of a ciicket-ball is a 
curved line, which is the joint effect of the tendency 
of the ball to move in the direction in which it was 
thrown, and of its tendency to fall to the earth. 
Further the motion of rotation is frequently com- 
bined with that of translation. This occurs when a 
wheel rolls along the ground. The motion of the 
earth round the sun is the result of two tendencies 
to motion in different directions, producing a curve 
called the orbit, and of rotation about a fixed axis 
passing through the poles. When a body is under 
the influence of opposing tendencies to motion, which 
exactly counterbalance one another, it is said to be 
in equilibrium. 

There is another kind of motion, to which the 
name undulatory has been applied. It exists under 
a variety of forms, but may roughly be described as 
the movement of a particle to and from a particular 
point. This displacement of the particle is oflen called 
its excursion, and is, in all cases, very small. When 
a series of particles undergo successively this kind 
of to-and-fro motion a wave is said to be produced. 
The peculiarity of wave-motion is that although the 
particles never move beyond the limits of an excur- 
sion they appear to undergo translation. If we fix 
our eyes on a piece of wood floating on a sea- wave, 
we shall observe that whilst the wave approaches 
ever nearer to the shore, the piece of wood maintains 
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its position, rising and &.lling continuously. The 
apparent motion of translation is the result of the 
up-and-down movement of each successive particle 
in its own place. This kind of motion is further 
illustrated, when the wind sweeps over a field of 
corn and bends the several ears in succession. In 
this case it is evident that each stalk of corn 
cannot move out of its own place, and yet the eye 
can follow the wave as it passes from one end of the 
field to the other. In an undulation the particular 
motion of each particle is well illustrated by the 
movement of the bob of a pendidum, which vibrates 
to and fi'om the lowest point in its path. 

§ 5. Physics Defined. — The science of Physics 
embraces the consideration of bodies and molecules 
under every variety of motion, and is subdivided 
according to the particular effect the several kinds 
of motion produce upon the senses. Thus the 
passage of a bird in the air produces a sense of 
locomotion, the resistance of a heavy body tending 
to fall to the earth a feeling of pressure. Certain 
visible motions produce the sensation of heat, others 
give rise to those of sound, light, electricity, &c. 

Physical science is divided into two main 
branches according as the motion to be considered is 
the motion of a body as a whole, or of the undula- 
tions of the particles of which it consists. It has 
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been suggested to call the one branch of the subject 
' Molar Physics,' as treating of motion in mass, and 
the other * Molecular Physics,' as treating of the 
motion of molecules. The flight of a rifle-bullet, the 
blow of a cricket-bat, the ascent of a balloon are 
questions of Molar Physics; whilst problems con- 
cerning heat, light or sound belong to the other 
branch of the subject. 

§ 6. Hechanics. — The term Mechanics has gene- 
rally been employed, and is adopted in the present 
Tolume, to embrace the science of the motion and 
equilibrium of bodies. It involves the consideration 
of matter in its three forms, solid, liquid and gaseous. 
But the following pages will treat of solid matter 
only. The subject will be considered imder three 
heads. Under the first will be discussed some elemen- 
tary principles of motion, apart from the considera- 
tion of the quantity or quality of the matter moved. 
This subject is called Kinematics, or the science of 
pure motion. Under the second head the matter 
that is set in motion and the cause, or force pro- 
ducing it, will be considered. To this division of 
the subject the name Dynamics, or the Science of 
Force, has been given. The third part will embrace 
certain problems connected with bodies at rest, and 
these will be discussed under the head of Statics, or 
the Science of Equilibrium. 
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CHAPTER I. 

MEASUREMENT OF MOTION. 

/. Uniform — Accelerated Motion— Space described, 

§ 7. Velocity. — The first question we have to de- 
termine is, how motion may be measured and nu^ 
mericallj represented. Now we measure all things 
by their effects, and the visible effect of motion is 
change of place. When we consider motion with 
reference to time we obtain the idea which is em- 
bodied in the word Velocity. The introduction of 
the idea of time distinguishes kinematics from a 
purely geometrical science. Velocity, or rate of 
motion, is measured by the amount of change of 
place, i.e. by the space traversed in a given time. 

Motion may be uniform or variable. When 
uniform, equal spaces are described in equal times, 
and the velocity is constant. In variable motion, 



MEASUBEMENT OF MOTION. 11 

the velocity continually changes. In measuring 
velocity certain units of time and space are adopted. 
The imit of time is everywhere one second ; the 
unit of length is one foot in England, but is different 
in different countries. 

In England, therefore, the velocity of a moving 
body is measured by the number of feet traversed 
in one second; and a body is said to be moving 
with a unit of velocity when it moves through one 
foot in one second. The unit of velocity may be 
briefly indicated as a foot-second. When the 
velocity is variable, it is, at any moment, measured 
by the space through which the moving body would 
pass in one second, if it were to continue to move 
throughout that second with the velocity which it 
had at that particular moment. 

§ 8. TTniform Velocity. — If t; be the uniform 
velocity of a moving body, v equals the number of 
feet which a body traverses in one second^ and 

2 v is the number of feet traversed in 2 seconds. 
^ ^ » » » 3 „ 

*' ^ >» » »> * M 

If « := space traversed in t seconds, then s =i t Vm 
This is the fundamental proposition of uniform 
motion. 

Suppose a body to be rotating about a fixed 
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point, like the Bail of a windmill, and that it sweeps 
out an angle, the measure of which is 0, in one 
second, then is said to be the angular Telocity of 
the body, and t will be the angle described in t 
seconds. If a be the measure of the arc, t a will be 
the space traversed in t seconds. 

§ 9. Variable Velocity. — The velocity of a 
body may increase or decrease, uniformly or vari- 
ably. If it increase or decrease tmiformly, the 
motion is said to be uniformly accelerated or re- 
tarded. If the velocity vary, but not uniformly, the 
motion is said to be un-uniformly accelerated or 
retarded. As problems connected with variable 
acceleration are very complicated, requiring for their 
solution the higher parts of mathematics, we shall 
consider, in the following pages, uniform acceleration 
only. 

Uniform acceleration or retardation is measured 
by the increase or decrease of the velocity per 
second. Thus, suppose a body is found to be 
moving at the beginning of three successive seconds, 
with the velocity of 10 ft., 15 ft., and 20 ft. respec- 
tively, the body is said to be moving with a uniform 
acceleration of 5 ft. per second. So too, if a body 
started with a velocity of 60 ft. per second, and at 
the end of the first second was moving with a 
velocity of 50 ft. only, and at the end of the next 
second with a velocity of 40 ft., the body would be 
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said to be moving with a minus acceleration or 
retardation of 10ft. It is clear that all propositions 
with respect to tmiformly increasing velocity are 
eqnallj true with respect to uniformly decreasing 
velocity. 

Let / represent the acceleration of a moving 
body, then 

The velocity gained in 1 second is f 
„ „ 2 seconds is 2 / 



If we call V the velocity gained or lost in t seconds 
when a body is moving with a uniform acceleration 
of/ feet per second, then v ^= tf, 

§ 10. Examples. — (1) A body starting from 
rest has been moving for 5 minutes, and has acquired 
a velocity of 30 miles an hour ; what is the accelera- 
tion of the body in feet per second r 

„ ^, , 80 X 1760 X 3«, , 

Here, the vel. := ;-- — ft. per second 

60 X 60 
= 44. 

and v = <//. 44 = 5 x 60 x /.-./ = ^ ft. per sec. 

(2) If a body move from rest with a uniform 

2 

acceleration of — ft. per sec, how long must it be 

moving to acquire a velocity of 40 miles an hour ? 
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TT 1 40 X 1760 X 3 176 ^ 

^'''^ "'^- = 60 X 60 = IT ^- P^^ ^^^- 

^176 2 

and / = -f .-. -4- = « X I /. i = 88 sees. 

(3) What velocity does a body acquire in 3 
minutes, if its motion is accelerated at the rate of 
32 ft. per sec. ? 

Here / = 32, e = 3 x 60, /. v = 32 x 
8 X 60 = 5760. 

§ 11. Space Described. — To find the space 

through which a body passes when it moves with a 
uniform acceleration is a somewhat diflScult problem, 
reqidring higher mathematics than we are supposed 
to have at our command. Later on, we shall show 
how this problem may be solved by a purely 
geometrical method, but now we shall content our- 
selves with explaining how it immediately follows 
from a simple and almost self-evident proposition. 

Suppose a train to pass a certain station at the 
rate of 20 miles an hour, and to pass another station, 
one hour afterwards, at the rate of 30 miles an hour, 
and that the velocity has increased uniformly 
throughout the interval. Now, it is very evident 
that those two stations are 25 miles apart; for, 
the mean velocity with which the train has moved 
is 25 miles per hour, and since the velocity has 
increased unifonnly throughout the interval, we may 
clearly assume that the space described in the first 
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half-hour was as much less than it would hare beer, 
if the Telocity had been imiform and t^5 miles per 
hour, as in the second half-hour it was greater. 
The train will, therefore, have described the same 
space in the hour, as it would have done if the 

velocity had been uniform and equal to "^ 

i.e. 25 miles. Enunciating this principle generally 
we may say : — The space described in any given time 
hy a body moving with a uniform acceleration equals 
the space that it would have described, if it had been 
moving throughout the given tim£ with a uniform 
velocity equal to the mean of its initial and terminal 
velocities. 

We are now able to determine the space described 
in t seconds, when a body moves with an acceleration 
of/ feet per second. 

First. Let the body start from rest. In this case 
the initial velocity = o, and the velocity after t 
seconds, that is the terminal velocity = ^ /, ,'. mean 

vel. := — —J- = -^; and if a body move for t 

t f 
seconds with a velocity equal to -^, the space de- 

scribed is t x ^(§ 8). 

■ . _ 'V 

Secondly. Suppose the velocity at starting to 
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be Uf then t seconds afterwards the velocity will be 
u -^ t/f and the mean velocity is 

u -^ u + tf ^ ^ . tf 
2 "^2 

,\ space described in t seconds =-: s ^=s tu + — ^. 

(Generally) if u be the velocity at the beginning of 
a time i^ and v the velocity at the end of that period, 

the spaoe described in the time t = £ " ^ ^ . 

§ 12. Examples. — (1) A body commences to 
move with a velocity of 30 ft. per sec, and its 
velocity is each second increased by 10 ft. per sec. 
Find the space described in 5 seconds. 

Initial vel. = 30 ; Final vel. = 30 + 50 = 80 

, SO + 80 ^. 
»% mean vel. ^ - =55 

2 

and space described = 5 x 55 = 275 feet. 

1^2) Find tl^e acceleration, if a body starting 
wiUx a velocity of 10 ft. j^r sec. describes 90 ft. in 

L^ / s acceleration; Initial vel. == 10; Fin;sil 
v^L « 10 + 4/. 

. 10 + 10 + 4f^ 1.^ ^ ^ ^ 
A *j«fccifrdwmbed*4(10 + ?/>=40 + 8/=k <H) ft. 
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§ 13. To find the space described in any par- 
ticular second, when a body moves with a uniform 
acceleration/. 

If the body start from rest the space described in 



the first second is 



+/-/ 
2 2 



Space described in 2"* second is-' — — -^ = -^ 

3rd 2/+ 3/ , 5/ 

» ^ '' 2 2 

^ " 2 "2" 

Hence, it will be seen, by looking at the numbers 
1, 8, 5, 7, that the space described in the t^^ second 

equals the t^ odd nmnber multiplied by / 

or» = (2^- 1)/ 

Si 

So also, the space described in the first t seconds 
of the motion equals the sum of the first t odd num- 
bers multiplied by ^ ; ors= -^ as before, (§ 11). 

§ 14. From the two formulce v = ^/(§ 9) and 
B = -^(§ 11) we obtain, by eliminating t, a third 

formula which connects the velocity acquired with 
the space described. Thus : — 

c 
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vsst f and -•. if = - ; also 8 =• -2^-= — ."i-ss — 

cy juivx • • * y » 2/^2 2/ 

.M;2=2/«. 

Examples. — (1) Find the velocity of a body, 
which starting from rest with an acceleration of 10 
feet per sec. has described a space of 20 fit. 

v« = 2/s = 2 X 10 X 20 = 400; 
/. V = 20. 

(2) What space must a body traverse to acquire 
a velocity of 50 ft. per sec. if it move with a uniform 
acceleration of 5 ft. ? 

50 X 50 = 2 X 5 X « .V « = 250 fti 

§ 15. To find the relation between the velocity 
and space described, when a body starts with an 
initial velocity u, and moves with an accelera- 
tion/. 

Let h equal the space which the body, starting 
from rest, would have described under the accelera- 
tion/in acquiring the velocity m. Then u^ = 2/A ; 
and if v be the final velocity which the body pos- 
sesses, after describing the space «, v equals the 
velocity which the body wpuld have acquired if it 

had started from rest, and passed through h -^ 8 feet 

T^ .% v* = 2/(A + 8) 

t= 2fh X 2/8 = a« + 2/8 
.'. t;« = tt« + 2/8. 
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This equation giyes the relation between the 
final velocity, the initial velocity and the space 
traversed. 

Example. — Through what space must a body 
pass under an acceleration of 5 ft. per sec., so that 
its velocity may increase from 10 ft. to 20 fl. per 
sec. • 

Here 20* = 10« + 2 x 5 x «; 

.^^^400-100^3,^ 

EXERCISES. 

1. In what time will a body moving' with an acceleration 

of 25 feet per second acquire a velocity of 1000 feet 
per second? 

2. What space will a body describe in 6 seconds, moving 

with an acceleration of 160 yards per minute ? 

3. With what velocity must a body start, if its velocity be 

retarded 10 feet per second and it oome to rest in 12 
seconds ? 

4. In how many seconds will a body describe 1400 feet, 

moving from rest with acceleration of 7 feet per second ? 

5. Through what space will a body move in 4 seconds with 

an acceleration of 32 2 feet per second ? 

6. A body moving from rest with a uniform acceleration 

describes 90 feet in the 5th second of its motion, find 
the acceleration and velocity after 10 seconds. 

7. What is the velocity of a particle which moving with an 

acceleration of 20 feet per second has traversed 1000 
feet? 

* In the examples the body is supposed to start from 
rest, unless otherwise stated. 

2 
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8. A body is obsflrrsd to umit* arer 4a feet and 55 feet in 

2 snocessiTe Beconds^ find the spofoe it vould describe 
in the 20di second. 

9. With what Telocity is a body moTing after 4 seconds if 

its acceleration be 10 fe^ per second ? 

10. A body mores from rest with an acceleration of 360 yaids 

per niinute» and 4 seconds aftenraids anoths body 
b^ns to moTO with an acceleiation of 32 feet per 
second. When will the lattar oTertake the fonner ? 

11. What Telocity mnst a body haTe so that^ if its Telocity be 

retarded 10 feet per second, it may moTe omr 45 feet ? 

12. What Telocity will be gained by a paitide that moTes 

for 5 seconds with an acceleration of 12 feet per 
second? 



n. CampositUm of Velocities. 

§ 16. Besultant Ydoeity.— If a body tend to 
move with several different yelocities, the yelodt^r 
with which it actnallj moYes is called the resultant 
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C B 

I < 1 — >■ 



Telocity, and those aeyeial velocities are called 
components. 

If a body tend to move with a Telocity u which 
would take it from J. to ^ in one second, and likewise 
with a Telocity u' which would take it from ^ to C in 
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the same straight line in one second, then at the 
end of the second the body will be found at (7, as if 
it had moved with a Telocity u + u'. So too, if the 
body have several tendencies to uniform motion in 
the same straight line, the resultant velocity will be 
the algebraical sum of the component velocities. 

Cases of the compo^tion of velocities in the same 
line occur when a body is moving on something 
which is itself in motion, as when a boat is descend- 
ing or ascending a river. Suppose the velocity of 
the stream to be 3 miles an hour and the vessel to 
be sailing at the rate of 8 miles an hour in still 
water, then the actual velocity, of the vessel is 5 or 
11 miles an hour according as the vessel is sailing up 
or down stream. When a man paces the deck of a 
steamer, which is sailing down a river, the actual 
velocity of the man is the algebraical sum of the 
velocity of the steamer and of the stream, and of the 
rate at which the man is walking. 

§ 17. If a body tend to move with a uniform 
velocity and a uniform acceleration^ in the same 
straight line, or if it be moving with a certain accele- 
ration along a line, which is, itself, moving uniformly, 
the resultant velocity at the end of any given time 
will be the sum or difference of the imiform velocity 
and die velocity acquired during that time. If u be 

^ The word aecderation is used, here and elsewhere, to 
express a uniformly increoHnff velocity » 
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the uniform velocity,/ the acceleration, and t the time 
r=M4:f/; and if «i be the space the body would 
describe in t seconds, if moving with the uniform 
velocity ti,, and 8^ the space it would describe, if 
moving with the acceleration fx, then if 8 be the space 
actually described, s = 8] + 8^ 

= '«±'-^ (§§8,11) 

If there be several uniform velocities and several 
accelerations, 

«=<(«,+ u, + .. .) + <*<"/■+/« + •••) 

An instance of the composition of a uniform velocity 
and two different accelerations occurs when a body 
is projected up or down a rough incline. 

The three formulae, already determined, 

V =s u ± tf 

8.= tu+/Y 

!;« = «> + 2/8 (§15) 

are sufficient for the solution of all problems which 
are concerned with rectilinear motion resulting from 
the composition of a uniform velocity and uniform 
acceleration in the same straight line. 

§ 18. Composition of Velooities not in the same 
straight line. — Suppose a body tend to move with 
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a yelocily u which would take it from J. to ^ in one 
second, and with a yelocily u' which would take it 
from A to D in one second, then at the end of the 
second the body will be found at C, where B Ci& equal 
and parallel to A D. Moreover, the body will have 
moved along A C, and A C represents the resultant 
velocity. That A C will be the path of the body may 
be seen by supposing the body to be moving along 
A X whilst the line A X moves parallel to itself with 
its extremity in AT Then if J. ^ be divided into 
any number of equal parts, say four, and A D into a 

Fig. 2. 




Y 

like number of parts, while the body moves from A 
to hxy the point A with the line A B will move from 
J. to d], and the body will be at C| at the end of the 
first quarter of a second ; and for the same reason the 
body will be at C2, C3 at the end of each subsequent 
quarter of a second. The points Cj, c^, C3 can be 
proved to be in the same straight line by equality of 
triangles, and since A c^, C| c^, Cj C3 are equal, the 
motion along A Ob uniform. 
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§ 19. Parallelogram of Velocities. — The fore- 
going proposition is known as the parallelogram of 
velocities, and may be enunciated thus : — If a body 
tend to move with two uniform velocities represented 
by the two sides of a parallelogram, drawn through a 
fixed point, then the resultant velocity will be repre^ 
sented by the diagonal of this parallelogram thai 
passes through the same point. 

Since the velocities A B and A D are equivalent 
to J. C, it is clear that if a body tend to move with 
three velocities represented \ij A B, A D and C A, 
the body will remain at rest ; and since B C \b equal 
U}AD, the three velocities that neutralize one another 
can be represented hy A B,B C and C Ay — ^the three 
sides of a triangle taken in order. 

§ 20. It follows from the foregoing that if a 
body tend to move simultaneously with several velo- 
citieSy which would take it (fig. 3) from to .^, from 
to ^, from to C, from to Z> in one second, 
and if A B' be drawn equal and parallel to O By 
B' C equal and parallel to C and C Jy equal and 
parallel to Z>,then since OB' is the diagonal of the 
parallelogram formed by ^, ^, it represents the 
resultant of these two velocities, and C represents, 
for the same reason, the resultant of the velocities 
OB' and C, U. ofOA, OB, and C; and aimi- 
larly JDf represents the final resultant of the several 
velocities. We see, therefore, that if a body have 
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these several tendencies to motion, it will be found 
at the end of a second or of any given time at the 
same point ly^ as if it had moved first from to 
-4, then from J. to -B', thence from B' to C, and 
finally firom C to ly^ i.e. along the sides of a 
polygon which respectively represent the velocities. 
And if the point jy had coincided with 0, or the 

Fio. 3. 




body had had an additional velocity represented in 
magnitude and direction by jy 0, the body at the 
end of the second, or of any less period of time, 
woidd have been at 0; in other words it would 
have remained at rest. 

If, therefore, the several velocities, with which 
the body tends to move, can be represented in mag- 
nitude and direction by the sides of a closed polygon 
taken in order, the body will be at rest ; but if the 
velocities are represented by the sides of an open 
polygon, the body will move, and the resultant velo- 
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city will be represented by the straight line that 
closes the polygon. 

§ 21. Composition of uniform Velocity and 
Acceleration. — Suppose a body tend to move with a 
uniform velocity which would take it from A U) B 
in one second, and likewise with an acceleration that 
would take it from A to D in one second ; then, at 

Fig. 4. 




the end of the second the body will be found at C 
where B C iQ equal and parallel to A D, just as if it 
had moved from ^ to ^ and from J? to C in the 
second ; but the body will not have moved along the 
diagonal A C. For, since the velocity along AD is 
not uniform, the spaces described in equal intervals 
of time will not be equal along A D, whilst they are 
equal along A B, and therefore the points Ci, c^j c^ 
will not lie in a straight line. In this case, there- 
fore, the path is a curve, and the nature of the curve 
depends on the magnitude of the acceleration. The 
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path of a shot projected at a certain angle^ to the 
horizon, is a curve resulting from the composition of 
a uniform velocity in one direction and an accelera- 
tion in a different direction. 

So, also, if a body tend to move with two dif- 
ferent accelerations in different directions, the 
diagonal of the parallelogram will represent the 
resultant acceleration, although the path of the body 
may be along some other line. 

§ 22. All these results may be summed up in 
one general law : When a body tends to move with 
several different velocities in different directiofis, the 
body will be, at the end of any given time, at the same 
point, as if it had moved with each velocity separately. 
This is the fundamental law of the composition of 
motions, and it shows that all problems which in- 
volve simultaneous tendencies to motion may be 
treated as if those tendencies were successive. 

« 

§ 23. Resolution of 7elocity.-r As the diagonal 
of the parallelogram, the sides of which represent the 
component velocities, was found to represent the 
resultant velocity, so any velocity represented by 
a certjiin straight line may be resolved into com- 
ponent velocities represented by the sides of the 
parallelogram of which that line is the diagonal. 
Suppose a body urged by a velocity that would take 
it from to J. in one second, then if C A B he 
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any parallelogram described on J. as diagonal, the 
body would equally be at ^ at the end of one second, 
if ui^ed by two velocities, which would separately 
take it from to C and to J? in one second, and 
therefore B, C represent the components of this 
velocity. 

If B and C be at right angles to each other 
then OA^ = 0-B* + (7* and if -Tbe the com- 



Fig. 6. 




ponent along B and Y the component along C, 
and if J? be the original velocity along A, we have 



x:B :: ob: oa orz = 



T:B :: oc: oa or t=z 



OB 
OA 

qc 

OA 



R 



R 



§ 24. Examples. — (1) A body tends to move 
with velocities of 30 feet and 40 feet per sec. along 
two straight lines at right angles to each other ; find 
the resultant velocity. 

Let V = resultant velocity, 
then F" = 80* + 40* = 2600 .'. F = 50 feet per sec. 
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(2) A body is moving in a certain direction at 
the rate V feet per second, find the components of its 
velocity along lines inclined to its direction at angles 
of 30**, 46^ 60** respectively. 

If the angle A B is 45° it follows that B 
=^BAajidOA^ = 2 0B^ 

A 
,\0B = — = , and if V be the velocity along A, 

\/2 

V 
its component along -B is — ^. 

y/2 



Fig. 6. 




B O 





If the angle -4 -B is 80°, it follows that -4 = 
2AB, 

.% OA^ = OB^ + ^', or OB = ^-^^ 

4 2 

and the component of the velocity is — - — 



If the angle A B is 60°, OBz= 4:^ and the 

component required is -- . 

As these results frequently occur, they should be 
very carefully remembered. 
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EXERCISES. 

1. A body is simultaneoiisly urged to move with velocities 
of 60 feet, 21 feet, and 26 feet respectively; can the 
body remain at rest ? 

2k a body whilst moving vertically downwards with a uni- 
form velocity of 10 feet per second is urged horizontally 
with an acceleration of 6 feet per second ; find its di^i- 
tance from starting point after 2 seconds. 

3. A body tends to move in a certain direction with an 

acceleration of 32 feet per second, but is constrained 
to move in a direction inclined at an angle of 46° to 
the original direction; find the component of its ac- 
celeration in the latter direction. 

4. A body moving with a uniform velocity of 30 miles an 

hour has its velocity accelerated 10 feet per second 

in the same direction; find the space traversed in a 

quarter of a minute. 
6. A body is moving at the rate of 40 miles an hour when 

its velocity is retarded at the rate of 6 inches per 

second; when and where will it stop? 
6. A body tends to move with equal velocities of 10 feet per 

second in two directions inclined at 120° to each other ; 

find its path and resultant velocity. 



III. Geometrical Representation of Motion, 

§ 25. In this Lesson we shall show how the 
subjects that have already been considered, viz., 
time, uniform and variable velocity, and apace 
described may be geometrically represented. 
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Let X hesk line limited towards 0, unlimited 
towards Z, on which units of length correspond to 
units of time; so that if the points Aj B, C he 
equally distant from 0, and A represent one 
second, B would represent two seconds, and'so on. 
Now let the velocity with which a body is moving 
at any particular time be represented by a vertical 

Fig. 7. 




drawn through one of the points 0, A^ B, (7, &c. 
Thus, if OP Represents the velocity at 0, and A Qat 
At then A Q is greater thim P, in the same propor- 
tion as the velocity at A is greater than the velocity 
at O, and these li];^es P, A Q, B B, . . . indicate 
the number of feet per second with which the body 
is moving at the points 0, A, B. . . . In the same 
way, if all the corresponding verticals be drawn for 
periods of time between 0, A, B . . • and their ex- 
tremities be joined, the line P Q B S F ia called 
the curve of velocity. 

It must not be supposed that the curve of 
velocity is the same thing as tlie path of a body. 



32 KINEMATICS— MOTION. 

Motion might take place in a straight line and yet 
the curve of velocity might be represented by the 
annexed figure. The curve of velocity is merely a 
graphic representation of the increase and decrease 
in the rate of motion at successive intervals of time. 
If we draw the lines P a, Qb parallel to the line 
Xy Qa and B b will represent the increase of the 
velocity during the first two seconds; and if this 
increase were uniform these lines would represent 
the acceleration. When the acceleration varies, it 
is measured at any point by the velocity, which 
would be added in a unit of time, if the velocity 
increased uniformly throughout such time. If there- 
fore tangents be drawn to the curve at the points 
Q and R the acceleration at Q would be represented 
by r b, and at i? by 5 c. Thus r b measures the rate 
at which the velocity of the body is increasing per 
second at the particular moment of time indicated 
by -4 , and when the velocity already acquired is 
A Q. In this way we obtain a graphic representa- 
tion of the velocity and acceleration of the body 
at any instant of time. 

§ 26. We have now to show how the space 
described in any given time may be graphically 
represented. Let OZ (fig. 8) represent any in- 
terval of time, A the velocity at 0, TZ the 
velocity at Z, and AP Y the curve of motion as 
before. Let FG he & very small interval of time 
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r. Let F P he the velocity at^the beginning of the 
time T, G Q the velocity at the end. Then the 
space described in the time r must be greater than 
the space that would be described if the velocity i* F 
were imiform throi;ighout the interval, and less than 
the space that would be described with the uniform 
velocity Q G, That is, the true space must lie be- 
tween P F X F G and QG x FG (since s = v t) ; 
hut P F X F G = the rectangle P G, and Q G 

Fig. 8. 




X F G = the rectangle Q F, Therefore the tnie 
space described is represented by a figure the magni- 
tude of which lies between the rectangles P G and 
Q F, Now the whole time Z is made up of the 
sum of such intervals as F G, and therefore the 
whole space described in the time Z is some- 
where between the number of units of area in the 
sum of all the rectangles like P G, and the sum of 
all the rectangles like Q F. But the stun of each of 
these sets of rectangles approaches nearer pnd neaier 
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to the area of the whole figure A Y Z^ as F G is 
made smaller and smaller; and can be made to 
differ from O A T ZhyaA small a quantity as ever we 
please. It thus appears that the space described lies 
between two quantities ; that each of these quantities 
becomes ultimately equal toO A YZ,&sFG dimin- 
ishes without limit; and, therefore, that the space 
described equals the number of units of area in the 
figure A Y Z, We have thus proved that the space 
described in any given time may be represented by 
the number of imits of area contained by the two 
verticals of velocily, the included line of time, and 
the portion of the curve intercepted between these 
two verticals. 

The problem of finding the space described in any 
time resolves itself into that of finding the area of a 
curve. In all but the simplest cases a knowledge of 
higher mathematics is necessary. 

§ 27. In uniform motion the velocity at different 

intervals of time remains the same. The curve 

« 

Fig. 0. 
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O K 

becomes therefore in this case a straight line, 
parallel to the line of time, and the space described in 
t seconds equals che area Lz=z Q K x KL = i . . 
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§ 28. — ^To find the space described in t seconds, 
when a body moves with a nniform acceleration. 

In this case the increments of velocity for suc- 
cessive seconds are constant. 

First. Let the body start from rest. Then if 
-T be the line of time, and Aj A B . . represent 

Fig, 10. 




seconds, and if P J. represent the velocity at ^, Q B 
at B and E C slIC; and it Fb, Q c be drawn parallel 
to Xj then PA = Qft=2ic=/, the acceleration, 
and P Q can be proved to be a straight line. 

Let Z^ represent the velocity aflert seconds, then 
K s=it and LK =1^ if, and the space described in t 

seconds equals the area of the triangle L K =^ — ^^ 

it 

The same reasoning as was employed to establish 
the general proposition (§26) might have been used 
to prove this independently. 

Secondly, Let the body htart with a given velocity. 

D 2 



36 



KINEMATICS — MOTION . 



Let u equal this initial velocity, / the acceleration, 
and t the time. Then P = u and Qa =zf, where 
O A represents one second. Let K = U Then the 

Fig. 11. 




T K 

Space described is represented by P L K, which is 
equal to the rectangle H + triangle P L H 

=zPO X OK + ^LH X PH 

=zut + ^tf.t 

Let S T bisect K, and through S draw M S N 
parallel to iT. Then since the triangle P M S is 
equal to the triangle S L N, the area 
OPLK= area OMN K 
:= STx OK 

^qP:^ ^OK 

u •\- v! . 

where v! is the terminal velocity. 

Or, the space described in any given time, when a 
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body starts with a certain velocity which is uniformly 
accelerated, is equal to the space which would have 
been described, if the body had moved throughout 
the given time with a uniform velocity equal to the 
mean of the initial and terminal velocities (§ 11). 



EXAMINATION. 



1. Distinguish between motion of translation, rotation, and 

vibration. 

2. What is meant by uniform velocity? How is it mea- 

sured? 

3. Two bodies start from AtoB and from B to A, two 

points 80 yards apart, at the same time ; the one moves 
uniformly at the rate of 10 ft. per sec., the other at the 
rate of 12 ft. per sec. ; where will Uiey meet? 

4. If a particle 10 inches from a given point revolve round 

it 7 times in 22 sees., find the velocity of the particle. 
6. Two men A and B start at the same moment iu the 
same direction, from two points 1,500 ft. apart ; if A 
walk 4 miles an hour and B 3^ miles an hour, where 
will A overtake B? 

6. "When is a velocity said to be uniformly accelerated ? 

7. A body begins to move with a velocity of 100 ft. per sec, 

and at the end of 7 sees, its velocity is 66 ft. How 
much is the velocity retarded a second ? 

8. Show how it w that the space described in any time, 

when a body moves with a uniform acceleration, is 
proportional to the square of the time. 

9. Enunciate the law of the composition of velocities. 

10. A body is simultaneously impressed with three uniform 
velocities, one of which would cause it to move 10 ft- 
North in 2 sees., another 12 ft. in one sec. in the same 
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direction ; and a third 21 ft. South in 3 sees. Where 
will the body be in 5 secs.^? 

1 1 . Explain the proposition known as the parallelogram of 

Telocities. 

1 2. A body tends to move horizontally with a uniform velocity 
^ of 1 2 ft. per sec, and also vertically downwards with 

a uniform velocity of 8 , ft. per sec. ; determine the 
position after 3 sees. 

1 3. A body begins to move with an acceleration of 8 ft. per. 

sec, and its velocity is at the same time retarded 2 ft. 
in 3 sees. ; find the space described in 8 sees. 

14. Explain why it is dangerous to jump out of a railway 

carriage in motion. 
I.'). A body is projected horizontally from the top of a cliff 
with a velocity of 500 ft. per sec. ; it reaches the 
ground in 3 sees. ; find its distance from the foot of the 
cliff. 

16. If a person is walking in a straight line, in what direc- 

tion must he throw a ball upwards, that it may return 
into his hand? 

17. If a ball be thrown out of the window of a railway carriage 

in motion, in what direction will it seem to fall, and 
in what direction will it really fall ? 

18. A body moving uniformly with a velocity of 10 ft, per 

FCC is suddenly impressed with an acceleration of 32 
ft. per sec. in the same direction ; what space will be 
described in the 3rd second of its accelerated motion ? 

19. A hotly moves with a velocity of 10 ft. per sec. in a given 

direction ; find the velocity in a direction inclined at 
an angle of 30° to the original direction. 

20. What acceleration along a certain line is equivalent to 

an acceleration of 20 ft. per sec. in a direction that 
makes an angle of 45° with that line ? 

21. A particle moves with a uniformly increasing velocity. 

Show that the whole space described is proportional to 
the square of the time from, the beginning of the 
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motion. — {Matriculation Exam, Univ, Lon.t Jan. 

1871.) 
22. A balloon is carried along by a current of air moving 
from east to west at the rate of 60 miles an hour, 
having no motion of its own through the air, and a 
feather is dropped from the balloon. What sort of a 
path will it appear to describe, as seen by a man in 
the balloon? — {Matric,, ^une 1874.) 
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CHAPTER IT. 

FALLING BODIES. 

rV. Bodies falling freely, 

§ 29. Most of the preceding principles of motion 
are well illustrated by falling bodies. When a body 
is allowed to fall freely it is found to acquire a 
velocity of about 32*2 feet per second every second 
of its^motion, so that it is said to move with an 
acceleration of 32*2. This acceleration, which for 
the sake of convenience is represented in books on 
Mechanics by the letter * ^,' can be shown to vary 
with the distance of the body fi'om the earth's centre. 
Thus at the summit of ^ high mountain g is found to 
be less than near the surface of the earth ; and at the 
equator, in consequence of the peculiar configuration 
of the earth, it is less than in the neighbourhood of 
the poles. Thus the velocity which a body acquires 
in falling freely for one second varies with the 
latitude of the place, and likewise with its altitude 
above the sea-level ; but is independent of the size 
of the body, and of the quantity of matter it con- 
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tains. Common experience would lead ua to sup- 
pose that a small ball of lead would £all more quickly 
than a similar ball of cork, because we are accustomed 
to see light bodies, such as feathers, fall very slowly 
to the ground. A little thought, however, will show 
us that the resistance of the air must have more 
effect on large and light bodies than on small and 
heavy bodies, and it may easily be proved by trial 
that a feather and a ball of lead will iall to the 
ground in the same time in a vessel from which the 
air has been removed. Neglecting the resistance of 
the air, we are able to state that all bodies acquire 
a velocity of ^ feet per second in tailing to the ground, 
and that g varies with the distance of the body from 
the earth's centre, but is the same for all kinds of 
bodies. As the substance of the body does not need 
to be taken into consideration, all problems con- 
cerning falling bodies may be regarded as cases of 
accelerated motion in which f •=. g^ and may be 
solved by the application of the formulae already 
established : 

V ^^ u •\^tg 

« = <M + — ^ 
- 2 

V* = M* 2t ^5'* 

where w is the initial velocity with which a body 
is projected upwards or downwards. 

It is evident that if a body be projected upwards 
it will lose each second of its motion the same 
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velocity which it would gain if it fell freely for one 
second; for observation teaches us that all bodies 
tend to move towards the earth with an acceleration 
of g feet p^r second. Hence, a body projected up- 
wards may be said to be moving with a negative 
acceleration or retardation oig feet per second. The 
consequences which are involved in this proposition 
we will now proceed to consider separately. 

§ 30. To find the time during which a body 
rises when projected vertically upwards with a 
certain velocity. 

Let u be the velocity of projection, then 

v = tt — ^< 
gives the velocity of the body after any time f. 
Now, when the body has reached its highest point, 
its velocity equals zero, and t is the time occupied 
in acquiring this velocity. If, therefore, we put 
t; = in the above equation the corresponding value 
of t will be the time of rising. 

9 
This shows that a body takes the same time to lose 

a velocity g in rising as to acquire it in falling. 

§ 31. To find the whole time of flight. 

The formula 5 = # w — -^ gives the distance of 
a body from the starting-point after t seconds, whtn 
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projected vertically upwards with the velocity v. 
Now it is evident, that when a body has risen to its 
maximum height and returned to the point of pro- 
jection, « = o. If, thei'efore, we put s = o in the 
above equation we get t equal to the whole time of 
flight ; 

• tu ^^ = o 



• • 



2 



2m 
which gives f = o or * = — . The former of 

9 
these two values shows that < = o, before the body 

2 u 

starts ; the latter that t =*= — , when the body has 

9 

2 w 
returned. Hence — is the whole time of flight. 

9 
But - has just been proved to be the time of rising, 

if 

therefore — must also be the time of falling ; ue, the 
9 

time of rising equals the time of falling. 

If V equal the velocity with which the body 
passes any point in its path when rising, then, since 
V at that point may be considered as a velocity of 
projection, the body will have the same velocity 
when it returns to that point. Jn" other words, a 
body passes each point in its path with the same 
velocity, whether rising or falling. This propoRition 
may be proved directly from the formula 

t;2 = ^2 — 2g9y 

where v = velocity with which the body passes a 
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point the distance of which from the point of pro- 
jection is 8, For, since 

v* = tt^ — 2g8, V = ± ^/ (?A* — ^gs). 
Hence t; has two equal values differing in sign only. 

§ 32. To find the height to which a body will 

rise when projected vertically upwards with a 

given velocity. — Take the formula v* = m* — 2 ^^ 5 ; 

then, since t; = o at the summit, the corresponding 

value of 8 equals the height to which the body will 

rise, 

.\ u^ = 2g8 

or 8 s= ■-—. 

2g 

Since w* = 2 ^ 8, where 8 is the height to which a 
body rises, and u is the velocity of projection, we see 
that a body would rise through the same space in 
losing a velocity Uy as it would fall through to gain 
it. 

§ 33. Examples. — (1) A body projected ver- 
tically downwards with a velocity of 20 ft. a sec. 
from the top of a tower reaches the ground in 2'5 
sees. : find the height of the tower. 

Here t = 2^; u = 20 8ir\d 8 = tu + -^. As- 
sume g = 32. 

Then « = 50 + li^-^ = 1^0 ft. 

4 

(2) A body is projected vertically upwards with 
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a velocity of 200 ft. per sec, find the velocity with 
which it will pass a point 100 ft above the point of 
projection. 

Here u = 200, 8 = 100 and v* = w* — 2gs 
.\ v* = (200)» - 64 X 100 

= 40,000 - 6400 = 33600 

v = 40A/2i. 

(3) A man is rising in a balloon with a uniform 

velocity of 20 ft. a sec., when he drops a stone which 

reaches the groimd in 4 sees. : find the height of the 

balloon. 

Here m = 20, and t = 4 

and 5 = — tu + — ~ 

^ 2 

.•.«== -80 -f 16 X 16 = 176 

/, the height of the balloon was 176 ft;. 

(4) A shot ia fired in a direction inclined at 60° 
to the horizon, with a velocity of 600 ft. per sec. : 
find the height to which it rises and its horizontal 
range. 

Here the law of the composition of motion 
applies. The vertical component of the velocity is 

and the horizontal component is 300. 

If 8 be the height to which it rises 

. /600xv^3\« „ 

I 2 J =2^*' 

.^ ^^ 300x^300x3 ^27_>^6^^ ,^^^3, ^^^ 
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and if / = time of flitrht t ^ v^-^ — = — — — 

/, the horizontal rauge is found by seeing how far 

75 a/ 3 
a body will move horizontally in — j — seconds 

with a velocity of 300 ft. Since s = tv we have 
s = ^oxv^ X 300 = 75 X 75 X -v/ 3 ft. 



V. Motion on an Inclined Plane, 

§ 34. Let -4 ^ be a plaae inclined to the horizon 
at an angle A B C, it is required to find the accelera- 

Fig. 12. 




tion with which a heavy body will move, if it rolls 
down or is projected up the plane. 

Let the body be moving down the plane. 
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Suppose the body to be at a. 

Draw a b vertically downwards and make it 
equal to A B, Let a b represent g^ the acceleration 
with which tlie body would move if free to fall. 
Then, if & c be drawn at right angles to A By the 
tiiangle a 6 c is in every respect equal to the triangle 
AB Cy and a c represents the resolved part of the 
acceleration a & in the direction A B. 

Let /be this component of ^ 

Then, f I g 11 ac : ab (§ 23) 
^ ac • AC 

Since ac= A C, and ab := AB, 

Let A C, the height of the plane, equal A, and A B, 
the length of the plane, equal I. 

Then/= J. g 
If the angle of the plane is 30",/^ ^ 

AP.O f ff 

„ 60°,/=^^ 

If the body be projected up the plane the retar- 
dation due to the body's tendency to fall will also 

be represented by a c, and will be equal to -. ^. 
§ 35. The motion of the body, if allowed to fall 
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down the plane, can be ascertained from the equa- 
tions V ^=^tf\ 5 = -/; t;2 =2 /», by putting 

/ := — g\ and if the body be projected up or down 

the plane, the motion can be determined by substi- 
tuting this value of / in the equations. 

V = u ±'tfy 8=ut± ^1/; r^ = tt« ± 2/8 

Where u is the velocity of projection. 

t 
§ 36. Examples. — (1) Find the velocity with 

which a body must be projected up an inclined ]»lane, 

the height of which is 6 feet, and length 6 feet, to 

reach the top. 

At the summit v = o, ,*. m^ = 2/8 = 2 — g, I; 



.% M = a/ 2 /i g. I.e. the same velocity as would be 
needed to project the body from C to i4. 

(2) Find the time occupied in falling down the 
whole length of an inclined plane. 

8=^-^ = ,g - =1 /. <2 = _ 

2 12 kg . 



or / = Z A / T— 

If the height of the plane remains the same, the 
time of falling varies directly with the length. 
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§ 37. To find the time of fallixig down any chord 
of a vertieal circle drawn through its highest 
point. 

Let A Che the chord, A B the diameter ctf the 




circle. Join C B and draw C D perpendicular to A B, 

Then the acceleration down AC= — - g = - - n, 

AC AB 

by similarity of triangles. 

/. smce 8= /, we have AC= n 



2AB 



9 



= ■• •■• ' = a/( -r) 



which is constant, and shows that the time of falling 
down any chord is the same as the time of falling 
down the diameter. 

§ 38. This proposition enables us to find the line 
of quickest descent from a point to a curve or from 
one line to another. 

£ 
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The line of quickest descent from a point to a 
straight line inclii^ed to the horizon may be found 
thus : — ^Let P be the point, A B the straight line. 
Through P draw P A, a horizontal line meeting A B 
in A. Bisect the angle P A B by A 0. Through P 
draw P C vertical and from C draw C Q perpendicular 
to A B. P Q is the line of quickest descent. For it 
is evident that a circle may be described which has 

Fig. 14. 




C for its centre and which touches A B and ^ P in Q 
and P ; and since the time of falling down all chords 
of this circle from P is the same, P Q must be the 
line of quickest descent. 

The problem of finding the line of quickest de- 
scent from a point to a curve is thus found to resolve 
itself into the purely geometrical problem of drawing 
a circle, the highest point of which shall be the given 
point, and which shall touch the given curve. 
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EXERCLSES. 

In the following examples g may be supposed to equal 

32 ft 

1. Through what distance must a body fall to acquire a 

velocity of 80 ft. per sec. ? 

2. A body falls freely for 5 sees, ; what is its velocity ? 

3. A body falls freely for 6 sees.; what space will be de- 

scribed in the last second, and in the whole time ? 

4. A body is projected upwards with a velocity of 5 ^ ft. ; 

to what height will it rise ? 

5. A body is projected upwards with a velocity of 80 ft. ; 

after what time will it return to the hand ? 

6. A ball is thrown downwards with a velocity of 20 ft. per 

sec; find its distance from the point of projection 
after 3.sec8. 

7. A ball is thrown downwards with a velocity of 50 ft. per 

sec. ; what is its velocity alter 4 sees. ? 

8. With what velocity must a body be projected vertically 

upwards that it may rise 40 ft. ? 

9. A body projected vertically upwards passes a certain 

point with a velocity of 80 ft. per sec. ; how much 
higher will it ascend? 

10. A body projected horizontally from the top of a cliff with 

a velocity of 40 ft. per sec. strikes the ground after 3 
sees. ; find the distance of the point of fall from the 
point of projection. 

11. A man descending uniformly the shaft of a mine with a 

velocity of 100 ft. per min. drops a stone which 
reaches the bottom in 2 sees ; through what distance 
did it fall ? 

12. A body starts with a velocity of 90 ft. and loses a third 

of its velocity per sec ; how far will it move ? 
13> Two balk are dropped from the top of a tower, one of 
them 3 sees, before the other ; how far will they be 
be apart 5 sees, after the first was let fall ? 

B 2 
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14. If a body after having fallen for 3 sees, break a pane of 

glass and thereby lose one-third of its Telocity, find 
the entire space through which it will have fallen in 
4 sees. 

15. With what velocity must a body be projected vertically 

downwards that it may describe 296 ft. in 4 sees. ? 

16. A body falls freely ; find the spaces traversed in the 2nd, 

6th, and 7th sees, respectively. 

17. A body projected vertically downwards with a velocity of 

40 ft. per sec. describes 120 ft. in a certain second ; 
find the space described in the preceding second. 

1 8. Two seconds after a body is let fall another body is pro- 
' jected vertically downwards with a velocity of 100 ft. 

per sec. ; when will it overtake the former? 

19. With what velocity must a body be projected vertiailly 

upwards to return to the hand after 6 sees. ? 

20. A ball is dropped from the top of the mast of a ship 

which is sailing at the rate of 18 miles an hour; if 
the mast be 64 ft. high, how far will the ship have 
sailed during the passage of the ball? 

21. With what velocity must a ball be projected vertically 

upwards, to strike the top of a tower 144 ft. high, and 
how long will it take to roach it ? 

22. The angle of a plane is 30° ; find the velocity with which 

a body must be projected up it, to reach the top, the 
length of the plane being 20 ft. 

23. Find the velocity of a body that has fallen for 3 sees. 

down a plane that rises 2 ins. in a length of 5 ins. 

24. A body is projected down a plane the inclination of 

which is 45° with a velocity of 10 ft. ; find the space 
described in 2^ sees. ^ 

25. A steam-engine starts on a downward incline of 1 in 200 * 

* An incline of 1 in 200 is understood in some books on 
mechanics to mean 1 foot vertically to a length of 200 ft. In 
other books it signifies 1 foot vertically to 200 ft. korUonial/y, 
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with a velocity of 7} miles an hour, neglecting friction ; 
find the space traversed in two minutes, 

26. A body projected up an incline of 1 in 100 with a 

velocity of 15 miles an hour just reaches the summits 
find the time occupied. 

27. A body is projected with a velocity of 200 ft. per sec. in 

a direction inclined to the horizon at 45° ; find the 
greatest height it reaches, and the distance of the 
point where it touches the ground from the point of 
projection. 



EXAMINATION. 



1. Find the distance through which a body falls in 1| aec. 

2. Explain, by a graphic representation br otherwise, how 

it is that a body fiilling from rest acquires a velocity 
of 32*2 feet and passes through 16*1 feet only in the 
first sec. ? 

3. If a small pebble and a pound of lead be dropped from 

the top of a tower at the same second, which will reach 
the ground first ? 

4. Is there any difiference in the velocity which a falling 

body acquires, when dropped from a certain height near 
the equator and from the same height near the poles ? 

5. If a body falls freely, through what space will it pass in 

the 3rd, 5th, and 7th sees, of its motion ? 

6. K a body be projected downwards with a velocity of a ft. 

per. sec., what will be its velocity in x sees. ? 

7. Prove that a body projected upwards with a certain 

Engineers use the expression in the latter sense. Wo shall 
adhere to the other signification, as the ratio of the height to 
the length of a plane occurs more frequently than the ratio of 
the height to the base. 
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velocity tnkes the same time to lose it, as it would take 
to gain it, if let fall. 

8. A body is projected upwards with a velxaty of 100 ft. 

per sec. ; find the whole time of flight. 

9. Prove by means of a diagram or otherwise that s = 

/ ?« + 'I where u is the initial velocity, and / the 

acceleration per sec. 

10. A ball is projected upwards with a velocity of 150 ft. 

per sec., and 2 sees, afterwards another ball is pro- 
jected upwards with a velocity of 200 ft. per sec. ; find 
their distance apart 5 sees, after the first ball was pro- 
jected. 

11. How high will a body rise projected upwards with a 

velocity of 96*6 ft. per sec. ? What will be its velocity 
3 J sees, after it was projected? \g = 32'2] 

12. A body is pi-cgeeted with a velocity of 1g ft. per sec. in 

a direction making an angle of hnlf a rig:ht angle with 
the horizon ; show how to find its place at the end of 
2 sees. 

13. A balloon is rising uniformly with a velocity of 10 ft. per 

sec., when a man drops from it a stone which reaches 
the ground in 3 sees. ; find the height 6f the balloon, 
first, when the stone was dropped ; and, secondly, when 
it reached the ground. 

14. A stone falls freely for 3 sees., when it passes through a 

sheet of glass, in consequence of which il loses half its 
velocity ; find the height of the glass from the ground, 
if it reaches the earth 2 sees, after breaking the glass. 

15. Explain how acceleration, and the' space described in any 

particular second, when a body moves with a constant 
acceleration, may be graphically represented. 

16. A body is projected vertically upwards from the top of an 

eminence with a velocity of 100 ft. per sec ; find its 
velocity after 7*5 sees. 

17. "With what velocity must a body be projected vertically 

upwards to attain a height of 40,401 ft. ? 
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18. A man is standing on a platform which descends with h 

uniform acceleration of 5 ft. per sec. ; afber haTin«^ 
descended for 2 sees, he drops a ball ; what will boi^he 
velocity of the ball after 2 more sees. ? 

19. A stone projected horizontally with a velocity of *iO fb. 

per sec. from, the top of a tower strikes the ground 
after 3 sees. ; find the distance of the point of fall from 
the point of projection. 

20. Enunciate the principle of motion which is assumed in 

the solution of the above. 

21. A body whilst &lling to the ground is attracted horizon- 

tally by a force which produces an acceleration of #3 
ft. per sec. ; find the distance of the body fix)m starting 
point after 2 sees. 

22. Prove that if a body be projected upwards with a certain 

velocity, the height to which it will rise is equal to the 
distance through which it would have to fall to ac- 
quire that velocity. 

23. Show how to find the acceleration with which heavy 

particles fall down an inclined plane. 

24. The angle of a plane is 30^, the length 20 ft. ; find the 

time occupied in falling from the top to the bottom. 

25. Show that a body projected vertically upwards will pass 

all points in its path with the same velocity in rising 
as in falling. 

26. Through what vertical distance must a heavy body fall 

from rest in order to acquire a velocity of 161 ft. per 
sec. ? If it continue falling for another second aft^r 
having acquired the above velocity, through what 
distance will it fall in that time ? (Gravity = 32-2.)— 
MfUriculafion, Univ. Lon., 1869. 

27. A balloon has been ftbcending vertically at a uniform 

rate for 4*5 sees., and a stone let fall from it roaches 
the ground in 7 sees. ; find the velocity of the balloon 
and the height from which the stone is let fall. — lb., 
1869. 

28. If a heavy body is thrown vertically up to a given lieight 
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and then falls back to the earth, show that, neglecting 
the resistance of the air, it passes each point of its 
path with the same velocity when rising and when 
falling. — Matriculation, Univ. Lon., Jan. 1871. 
29. A ball is allowed to fall to the ground from a certain 
height, and at the same instant another ball is thrown 
upwards with just sufficient velocity to carry it to the 
height from which the first one falls ; show when and 
where the two balls will pass each other. — Ib^ Jan. 

1871. 

80. A heavy particle is dropped from a given point, and 

after it has fallen for one second another particle is 
dropped from the same point. What is the distance 
between the two particles when the first has been 
moving during 6 sees.? — lb., Jan. 1871. 

81. The intensity of gravity at the surface of the planet 

Jupiter being about 2*6 times as great as it is at the 
surface of the earth, find approximately the time which 
a heavy body would occupy in falling from a height of 
] 67 ft. to the surface of Jupiter. — 25., Jan, 1873. 

32. If a body is projected upwards with a velocity of 120 ft. 

in a second, what is the greatest height to which it will 
rise, and when will it be moving with a velocity of 40 
ft. per sec? — Matriculation, Jan. 1874. 

33. Suppose that at the equator a straight hollow tube were 

thrust vertically down towards the centre of the earth, 
and that a heavy body were dropped through the 
centre of such a tube. It would soon strike one side ; 
find which, giving a reason for your reply. — 75., June 
1874. 

34. What is meant by saying that the acceleration produced 

by gravity is represented by the number 32-2 ? 
From a point in a smooth inclined plane a ball is rolled 
up the plane with a velocity of 16-1 ft. per sec. How 
far will it roll before it comes to rest, the inclination 
of the plane to the horizon being 30° ? Also, how far 
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will the ball be from the starting-point after 5 sees, 
from the beginning of motion ? — Matriculation^ June 
1874. 

35. Prove the formula which gives the distance described in 

a given time by a body thrown vertically upwards with 
a given velocity. — Prelim. Sclent, let M. B. 1871. 

36. A body is projected up an inclined plane with given 

velocity. Show that the space described in any time 
is equal- to that which would be described in the same 
time with a uniform velocity equal to half the sum of 
the velocities at the beginning and end uf the time. 
Hence find the space described on a plane inclined at 
30® to the horisson while the velocity changes from 48 
to 16 ft. per sec.— ii., 1872. 

37. A heavy body on a level i)lain has simultaneously com- 

municated to it an upward vertical velocity of 48 ft. 
per sec, and a horizontal velocity of 25 ft. per sec. 
Find its great*ist height, its range, and its whole time 
of flight.- -lb., 1874. 
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CHAPTER III. 

MEASUREMENT OF FORCE. 

VI. Mass — Momentum — Unit of Force — Weight. 

We have now to consider motion in its connection 
with the quantity of matter moved, and with the 
cause producing it. 

§ 39. Matter. — Mass. — By matter we under- 
stand whatever produces resistance. Matter exists in 
three forms : in the solid, the liquid, and the gaseous 
form. The earth, the water, and the air are ex- 
amples of these three conditions of matter. E^ach 
offers resistance to the motion of a body. The same 
substance is sometimes found to exist in Nature 
under all these form's, which are convertible the one 
into the other. Thus we are familiar with water in 
its solid state as ice, in its ordinary liquid state, and 
as a gas in the form of steam. 
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The quantitj of matter a body contains is called 
its mass. 

Mass IS inyariablj measured by weight, and vte 
shall explain later tmder what conditions this is 
correct. When we* speak of a pound of lead, the 
word * pound ' expresses a definite qi^^ntity of matter, 
and we suppose all bodies of the same weight to have 
the same mass. Commercially,, weight always stand» 
for mass; and the merchant who estimates his 
stock by cwts. and tons understands by those 
Aveights nothing more than the measure of the quan- 
tity of matter he possesses. 

§ 40. Momentum. — Hitherto we have treated 
motion apart from the idea of mass, or the quantity 
of matter moved ; and the rate of motion or velocity 
was in th^t case its correct measure. But, it is 
evident that if two bodies are moving with the same 
velocity there will be a greater quantity of motion 
in that w^hich contains the greater quantity of matter, 
just as there is more heat in 10 gallons of Avater a* 
10° C. than in one gallon at the same temperature. 
Wlien the motion of a definite anK>unt of matter is 
thus considered it is called momentum. Thus, the 
word momentum is employed to express the quaniitf/ 
of motion in a moving bodf/y whilst the word velocity 
is restricted to its original meaning of intensitij or 
rate of motion. The difference between momentum 
and velocity is analogous to that which exists be- 
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tween the quantity of heat a body contains and its 
tempeiatore. Ereiyone knows that there is more 
heat in a hundred gallons of water at 20° C. than 
there is in a teaspoonful of boiling water, although 
the temperature of the latter is fire times as high as 
that of the former. 

In measuring momentum it is necessary to take 
some fixed amount of motion as a unit. The unit 
of momentum is defined as the quantity of motion in a 
unit of mass moving with a unit of velocity, Tlie 
XLoit of mass in this country is the quantity of matter 
in a standard pound-avoirdupois^ and the unit of 
velocity has been already defined. The unit of 
momentum is, therefore, the quantity of motion in 
a body which contains one pound of matter and is 
moving at the rate of one foot per second. 

If a body contain M units of mass and be moving 
with a, unit of velocity, it will possess M units of 
momentum, and if it be moving with t; imits of 
velocity, it will possess Mv units of momentum. 
This is what is meant by saying, that the momentum 
of a body whose mass is M and velocity v equals Mv. 

§ 41. Density. — The quantity of matter in a body 
does not depend on the size of the body only, but 
also on the closeness with which the particles are 
packed. This difference is defined as a difference of 
density. Thus there is more matter in a cubic inch 
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of lead than in a cubic inch of oak, and this is ex- 
pressed by saying that the density of lead is greater 
than tlie density of oak. 

§ 42. Force. — ^We are now in a position to con- 
sider what is meant by force. The principal pro- 
I ertiea of matter, with which we are concerned, are, 
that it moves and offers resistance to the motion of 
other bodies. Now> force is the name given to the 
unknown causes of all the various phenomena which 
matter exhibits: and as all these phenomena are 
accompanied by motion or the tendency to motion, 
we shall understand hj/ force whatever produces or 
tends to produce motion or change of motion. It is 
evident that of forces, per se, we can know absolutely 
nothing. We can only observe their eifects; and 
of these, the most general is motion. We have 
already seen that matter and the tendency to motion 
are always conjoined, and this fact has led some 
writers to identify force and matter. It is quite 
certain that matter does not exist apart from force ; 
and we need not now pause to consider whether 
force can exist apart from matter. We shall find it 
convenient and desirable to consider force as the 
cause of motion, and wherever we find motion or 
change of motion we shall assume the existence of 
force. 

§ 43. Measurement of Force. — The intimate 
connection that exists between moving matter and 
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tbree enables us to measure force by the amount of 
nwdoQ produced or destroyed in a unit of time. 
Having already defined what is meant by quantity 
of motion, we see that the proper measure offorc6 is 
th€ momentum generated or destroyed in one second, 

§ 44. ITnit of Force. — The unit of force is that 
force which in a unit of time can produce or destroy 
A unit of momentum. In England, the unit of force 
is that force which acting for one second will give to 
a pound of matter a velociit/ of one foot per seconds 
Now, if a pound -weight fall freely for one second, it 
will acquire a velocity of 32*2 feet per second ; i.e., 
the force embodied in that weight can give to the 
matter contained in it 32*2 units of velocitv in one 
second. It follows, therefore, that a pound-weight 
can produce in one second 32'2 tmits of momentum, 
and consists of 32*2 units of force. A weight equal 

to — --- lbs. is, consequently, sufficient to produce in 

one second one unit of momentum, and may be con- 
sidered as the unit of force. This weight may be 
roughly taken as a half-ounce avoirdup< is, so that a 
half-ounce acting on a pound of matter for one 
second will give to it a velocity of one foot per 
second. This fact will, later on, be experimentally 
veritied. As a unit of force can be measured by a 
certain weight, all forces can be estimated in the 
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same way, and can be represented by equivalent 
weights. 

§ 45. Force of Gravitatioii. — ^The forces of 
nature are very various, coTiprising gravitation, co- 
hesion, heat, electricity, and others. All tend to 
produce motion, some acting between bodies widely 
distant in space, and others between the molecules of 
bodies in intimate juxtaposition. Of these forces 
that which is most easily measured is gravitation. 
This force is universally present, and gives rise to 
the phenomenon known as weight. The force of 
gravitation acts between all bodies and through any^ 
intervening space. The law of universal gravitation 
was established by Newton. It asserts that every 
particle of matter attracts, and is attracted to, every 
other particle of matter, wherever situated ; and that 
the intensity of the force diminishes, as the square of 
the distance between the two bodies increases. The 
force of gravitation explains the motion of the 
planets and other heavenly bodies, as well as the 
tendency of all bodies near the earth to fall to the 
ground. Force, being thus universally present in 
the form of weight, weight becomes a convenient 
representative of other forces. We can appreciate 
the power of any other agent, when we compare it 
with weight, and find out what weight would be 
able, in the same amount of time, to produce the 
game effect. It should, riowever, be clearly under- 
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Stood that weight is but one of a great number of 
different forces which it serves to measure. Just as 
money, which is no more wealth than any other com- 
modity, is taken to represent and measure all other 
kinds of wealth, on account of its easy divisibility, 
its constancy of value and other properties, so weight 
is the standard by which other physical forces are 
estimated. A sovereign may be regarded as a cer- 
tain amount of wealth in the form of gold, and also as 
the measure of an equal amount of wealth in some 
other form; and in the same way a pound- weight, 
which represents a definite amount of the force of 
gravitation, serves also to measure other forces capable 
of producing the same effect. Weight may, perhaps^ 
not inappropriately, be called the coinage of force. 

§ 46. Weight and Mass. — We have seen that, 
by weight is understood a certiiin amount of tlie 
force of gravitation, and by mass the quantity of 
matter a body contains. The word weight, however, 
has been made to do double duty, sometimes stand- 
ing for force and sometimes for mass. These two 
significations of the same word should be carefully 
distinguished. Since the force of gravitation varies 
inversely with the square of the distance from the 
earth's centre, the same amount of matter is heavier 
at one place than at another. Hence, the weight of 
a body may change Avhilst its mass remains the same. 
Thus the same amount of matter weighed in a spring 
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balance would be found to depress the spring less at 
the equator than at the poles, and less also at the 
top of a mountain than at the level of the sea. 
Whenever weight is taken to represent mass it is 
assumed that the force of gravitation is constant, and 
on this supposition only can weight be regarded as & 
correct measiure of the quantity of matter a body 
contains. 

* 

§ 47. Centre of Gravity. — In connection with 
the word weight it is well to define a term of fre- 
quent occurrence in mechanical problems, and which 
we shall have afterwards to consider more carefully 
in its relation to particular bodies. The word 
' centre of gravity ' is used to express that one point, 
at which the whole weight of a body may be sup- 
posed to act. Such a point is found to exist with 
respect to every body ; and knowing the position of 
this point we are able to consider the weight of the 
body as a force acting, at that point, vertically down- 
wards. 

§ 48. Pressure. — ^When a heavy body rests on 
a hard surface and is prevented from producing 
motion by the molecular attractions between the 
particles of the substance on which it rests, it is said 
to exert a pressure. Pressure may be produced by 
other forces than weight ; but in all cases the ten- 
dency of the force to produce motion is counteracted. 

F 
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If we try to move a body along a horizontal plane, 
we shall have to exert a certain amount of force 
before motion takes place, and this force or pressure 
is counteracted by the friction between the body and 
the surface on which it is about to more. If a 
weight be placed on a sheet of stretched paper it 
will exert a certain force and then fall through ; but 
if supported on a sheet of metal its tendency to 
motion will be counteracted, and it will exert, 
instead, an equivalent pressure. In the theory of 
equilibiium or Statics pressure is a convenient 
measure of weight and of such other forces as are 
prevented from producing motion. 

VH. — Dynamical FormxdcB — AttvoocTs Machine — 

Problems. 

§ 49. Suppose a force the magnitude of which 
we will call F is capable of giving to a mass M a 
velocity of f feet per second, every second of its 
action, then the force P will generate in one second 
Mf units of momentum, and Mf would be the 
measure of P. Since the imit of force is that force 
which can produce in one second one unit of mo- 
mentum, the force P which generates in one second 
Mf units of momentum must contain Mf imits of 

force, or 

P = Mf. 

This is the fundamental Equation of Dynamics. 
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Now, we have just seen that the mass of a body 
can be measured by its weight only, and that weight 
is a force which like other forces is measured by the 
momentum generated or destroyed in one second. 
Suppose PFto be a weight the mass of which is Jf, at 
a place where the acceleiation due to gravity is g^ then 
the weight W will, if free to descend, acquire in one 
second a velocity of g feet, i.e. the weight JF is a 
force which will generate in one second M g units of 
momentum, and consequently 

W=Mg. 

If we substitute the value of 3f given by this equation, 
in the general equation of force, viz. P = Mf^ we 
obtain 

g 

or P: W::f:gor/=^^.g. 

w 

This last equation is most important in the solution 
of dynamical problems, and expresses the fact, that 
if a force P act for one second on a certain quantity 
of matter, the weight of which is TT, where the ac- 
celeration due to gravity is g^ then the velocity 
generated in every second of P\ action is /feet per 

second, where / =;= ^r^- 9^ 

In this equation, P stands for' any one of the 
physical forces represented in weight, and is sup- 
posed to be acting constantly for some definite period 

¥ 2 
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of time. It may mean a muscular force equiyalent 
to a certain number of lbs. -weight, or the elastic 
force of steam which produces motion in a variety of 
ways, or the force of an elastic spring which animates 
a watch, or a certain amoimt of heat capable of 
stretching an iron bar. It may also represent a 
resistance such as friction, which tends to destroy 
momentum, and which acts in a direction opposite 
to that in which motion is about to take place. In 
all cases, if P be the moving or retarding force, and 
f the velocity produced or destroyed in one second, 

and f=i^.g^ 

where W is the weight of the mass 3f. 

§ 50. The relation that subsists between the 
quantities of P, W and /, as given in the above 
equation, is sometimes expressed by the following 
proposition, which in some books has been incorrectly 
caUed the third law of motion : * When pressure com- 
jiunicates motion to a mass, the acceleration varies 
directly as the pressure and inversely as the mass ' 
By pressure is here understood P, the force causing, 
motion, and by mass IT", the weight of the mass moved, 
This law, which follows from the definitions already 
given, may be verified in many different ways^ but 
most conveniently by a machine called, after its 
inventor, Atwood's Machine, by means of which 
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we can show that if W remains constant / varies 
with P, and if P remains constant /varies inversely 
with W. 

§ 51. Atwood*8 Machine. — ^This machine con- 
sists of an upright pillar graduated in feet and inches, 
and surmounted by a wheel revolving with as little 

Fig. 15. 




friction as possible. It is also furnished with a 
pendulum that beats seconds. A fine string passes 
over the wheel and supports two weights. If these 
weights be equal, they will either remain at rest or 
move uniformly with the velocity imparted to them. 
If a small weight be added to either, that weight 
becomes the moving force, which together with both 
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weights represents the whole of the mass moved. 
The additional weight, which serves as a moving 
force, is generally in the form of a small bar, so that 
it may remain on the top of a ring with which the 
upright pillar HI ia furnished, and through which 
the weight A can pass. If now the ring F be placed 
at such a distance below the starting-point that the 
weight A reaches it in one second, the velocity then 
acquired will equal /, the acceleration ; and if the 
bar be left on the top of the ring, the weight will 
move imiformly with the velocity already acquired. 
If then a stage G be placed so far below the ring as 
to stop the weight in one second after the bar has 
been moved, the distance F G will measure /, the 
acceleration. Then it will be found that if the 
weight of the bar be increased whilst the whole mass 
remains the same, the acceleration will vary directly 
with the pressure causing motion ; and if the weight 
of the bar remain the same, whilst the equal weights 
are increased, the acceleration is correspondingly 

diminished. If, also, the value of f be calculated 

p 
from the formula f =i —^g^ the distance F G will be 

found to accord with it, and in every other respect 
the experiment will illustrate the results arrived at, 
by giving values to the symbols in the expression 

The advantage of this machine is that the value 
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of / can be made as small as we please by taking 
the weight of the bar sufficiently small compared 
with the two equal weights, and the value of g may 
consequently be calculated if / be accurately deter- 
mined by experiment. Thus, suppose the weight 
of the bar to be 0*2 ozs., and each of the weights 

1-lb., and that the distance F G ia found to be 0*2 

p 

feet. Then from the formula/ =z --, g, since P = 

WW 

0-2 ozs. and TT = (2 X 16 + 0-2) ozs. and/= 0*2 
feet, we hay3 

32-2 ^ 
or 

g = 32-2 feet. 

§ 52. Examples.— (1) Two weights P and Q 
hang over a smooth wheel, as in Atwood's machine ; 
find the acceleration. 

Here the force causing motion is the difference 
between P and Q, since there would be no motion if 
P were equal to Q. The moving force is, therefore, 
P — Q. The weight of the mass moved is P + Q 

• • y — 



P+ 

As soon as the acceleration is determined, all 
problems connected with motion can be solved by 
substituting its value for /in the equations 

V = tt + </ 
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2 

r* = w« + 2f8. 

(2) To find the space described by either weight 
in 3 seconds, when P = 5 ozs. and Q «= 3 ozs. 

Here force producing motion is 5 — 3 = 2 ozs.; 
and the weight of the mass moved is 5 + 3 = 8 ozs. 

.-./= J32 = 8; also 

8 = *^ =9x4 = 36 feet. 

(3) A body weighing 12 ozs. rests on a perfectly 
smooth horizontal table and is drawn along by a 

Fio. 16. 



? 



weight of 4 ozs., attached to it by a string that 
passes over a pulley at the edge ; find the velocity 
after 4 seconds. 

Since the weight P is entirely supported by the 
resistance of the table, the moving force is the weight 
of 4 ozs. hanging vertically downwards, and the 
weight of the mass moved = 4 + 12 = 16 ozs. 

.•./=432 = 8; andt; = t/=4 x 8 = 82. 
lb 

(4) Two weights of 9 ozs. and 7 ozs. hang over a 
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smooth wheel; motion continues for 5 sees., when 
the string breaks; find the height to which the 
lighter weight will rise after the breakage. 

Here P = 9 - 7 = 2 ozs. and Tr= 9 + 7 = 16 ozs. 

/. / = ^ 32 = 4 ; and V = «/= 5 x 4 = 20 
16 

•*. each weight has an initial velocity of 20 feet when 
the string breaks. 

t;« = 20> = 2 X 32 X 8 



• • 



/. 8 = —J = 6J feet, i.e. the lighter 
64 

weight will rise 6^ feet, before it begins to descend. 

(5) A steam-engine is moving at the rate of 30 
miles an hour when the steam is turned off; sup- 
posing the friction to be equivalent to a retarding 
force of fljf of the weight of the engine, find how 
long and how &r it will move before it stops. 

Let W be weight of engine, then if P be the 
retarding force, 

D ^ J /• 400 g 

'P = — and f ^ — a ^ — ^ 

400 -^ W ^ 400' 

The velocity is 30 miles an hour, i.e. 1760 x 3 x 30 
^ 60 x 60 

= 44 feet per second. The question is, in how 

long a time will this velocity be destroyed, if the 

velocity be retarded — — feet per sec? Since v = 
if we have 
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A A .32 . 17600 .^^ 

44 = f — — or i = — - — = 550 sees. 

400 32 

also v« = 2/5 .-.44 x 44 = —a 
•^ 400 

44 X 44 X 400 ^oiaa r . 
or « = — = 12,100 feet. 

64 

(6) For how long a time must a force of 3 ozs. 
act on a mass, the weight of which is 12 ozs., to 
generate a velocitj of 40 feet per sec. ? 

Here/ = ^- 32 = 8, and t; = tf 

/, 40 = 8 < or ^ = 5 sees. 

(7) A force of 4 ozs. causes a certain mass to 
move from rest, through Id feet in 3 sees. ; find the 
weight of the mass. 



5=-^ /. 18= ^./ /. /=4 



/. 4= i .32 .-. Tr=32 ozs. 

(8) A body weighing 12 ozs. is moving along a 
rough table, on which the friction is equivalent to a 
force of 3 ozs., with a velocity of 20 feet per second. 
Ailer one second, it reaches the edge of the table 
.and &lls to the ground in 2 sees. ; fbad the distance 
of the point of fall from the edge of the table. 

Here the retarding force is 3 ozs., and the 
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Weight of the mass retarded is 12 ozs. /. fz=l— 32 
° 12 

= 8. 

If V be the velocity after one second, v=^u ^ t/ 
=. 20 - 8 = 12. 

The body, therefore, leaves the table with a hori- 
zontal velocity equal to 12 ft. per sec. It reaches 
the ground in 2 sees., in which time it will have 

fallen through = 64 ft. In 2 sees, it will 

have moved horizontally 2 x 12 = 24 ft. 



/. distance required = V {U\^ + 24|2) == 68 ft. 
nearly. 

(9) A plane supporting a weight of 12 ozs. is 
descending with a uniform acceleration of 10 ft. per 
sec. ; find the pressure that the weight exerts on the 
plana. 

When a body rests on a horizontal surface it 
exerts a pressure equal to its own weight. If the 
plane moves with an acceleration of 32*2 ft., the 
weight exerts no pressure whatever. This would 
be the case if we were to place a weight on a book^ 
and then let the book fall. During the motion, the 
weight would exert no pressure on the book, since 
they would both move together. 

Let P be the pressure the body exerts on the 
plane when moving with an acceleration of 10 ft. 
per second. Then the pressure causing motion is 
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(12— P) ozs., and the weight of the mass moved is 
12 ozs. (neglecting the weight of the plane) 

.% /= 10 = -~7^ X 32, orP = 8i ozs. 

(10) A body weighing 50 lbs. is acted on by a 
constant force which acts for 5 sees, and then ceases 
to act ; the body moves through 60 feet in the next 
2 sees. Express the force in absolute units. 

The absolute unit of force is g times as great as 
the unit we have adopted, being that force which 
will generate in one second a velocity of g feet per 
second. 

Here TT == 50 lbs. and /= ^. ^ = ^. 

Since this force P acts for 5 seconds, the velocity ac- 
quired will be 5/= -^ = -^. The body is 

then found to move, with this velocity, through 60 
feet in 2 seconds. Since s = ^ v we have 

60 = 2 X :^ /. P sr = 300 
the measure of the force in absolute units, 

(11) A weight Q supported on an inclined plane, 
which rises A in /, is pulled up the plane by a 
weight P connected with Q by a thread, which 
passes over a wheel at the summit of the plane, and 
hangs vertically downwards. Find the acceleration 
on the plane. 
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Let F equal the force "with which the body, 
whose weight is Q, tends to move down the plane, and 
/ its acceleration in that direction, then 

f ^ — a and .•. — = — 

But -£=-^(§34) /. i^ = |Q. 

Fig. 17. 




If, therefore, P cause Q to ascend the plane, the 
force causing motion must beP — i^=P— -- Q 

and the acceleration = I 

p + a '^' 

(12) Two weights P and Q are supported on two 
inclined planes, the lengths of which are / and U 
and the common height h. They are connected by 
a £ne thread as before : find the acceleration. 

If F equal the force with w^hich P tends to de- 

h 
Bcend, then F =s —P as above, and if F' equal 

I) 

the force with which Q tends to descend, then F' =: 
Q, and if P is able to draw up Q, the £>roe cans 



^ 
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ins motion is 2^ — jP' = - P — -^y Q, and the acce- 

leration equals -p- . — ^ -^ . g* 

(13) A body is projected up an inclined plane 
which rises 1 in 10 with a velocity of 40 feet per 
second. Supposing the effect of friction to be 
equivalent to a uniformly retarding force equal to 
y^ the weight of the body, find how far the body 
will move up the plane. 

Here there are two causes tending to destroy the 
velocity of projection ; first, the retardation due to 
gravity ; secondly, that due to friction. 

Retardation due to gravity = — ^ = -.g 

W 



n . ^. 100 g 

„ „ fnction = — -.(7=j^ 

.*. resultant retardation equals l,r7r+— } g* 
Since r* = 2/» we have 

22 
,-. s == 22?!^ ft. 
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EXERCISES. 



1. Two weights of 4^ ozs. and 3^ ozs. hang over a pnlley ; 

find the space moved through from rest in 4 sees. 

2. For how long a time must a force * of 2 ozs. act on a 

mass of 4 lbs. that it may give to the mass a velocity 
of 60 ft. per sec. ? 

3. What weight hanging vertically downwards will draw a 

weight of 3^ lbs., across a perfectly smooth table 8 ft. 
wide in 2 sees. ? 

4. Through what distance must a force of 3 ozs. act on a 

mass of 16 ozs. to give to it a velocity of 6 ft. per sec. ? 

5. Two weights hang over a pulley; the heavier is 12 ozs., 

and it moves the lighter through 36 ft. in 8 sees. ; find 
the lighter weight. 

6. What is the force of friction if a body weighing 20 ozs. 

projected along a rough horizontal plane with a 
velocity of 48 ft. per sec., come to rest after 5 sees. ? 

7. What weight must be added to one of two equal weights 

of 6 ozs., which hang over a smooth wheel so that they 
may move through 16 ft. in 5 sees. ? 

8. Required the force producing motion, if a weight of 25 

ozs. be caused to move through 320 ft. in 10 sees. 

9. The velocity of a body weighing 12 ozs., incjreases from 

10 ft. per sec to 20 ft. per sec. whilst the body passes 
over 15 ft. ; what is the moving force? 

10. Two weights, one of which is 4 ozs., hang over a pulley ; 

the weight of 4 ozs. ascends with a uniform accelera- 
tion of 5 ft. ser sec. Find the other weight. 

11. Two weights of 7} ozs. and 8^ ozs. connected by a thread 

* A force of 2 ozs. means a force that produces the same 
effect as a weight of 2 ozs. acting vertically downwards. A 
mass of 4 lbs. means a mass the weight of which is 4 lbs. 
where the acceleration due to gravity is y. 
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hang oyer a puUej ; motion continues for 3 sees., when 
the string breaks. To what height will the lighter 
weight ascend, and how far will the heavier weight fall 
in 4 sees, after the breaking of the string? 

12. A steam-engine is moving at the rate of 20 miles an hour 

when the steam is let off; if the force of friction be 
equivalent to ^ of the weight of the engine, after 
what time will it stop? 

13. A plane sustaining a weight of 20 ozs. is descending with 

a uniform acceleration of 10 ft; find the pressure on 
the plane. 

14. A weight of 1 cwt. goes up and down on a lift with » 

uniform acceleration of 4 ft. per sec. ; find the pressure 
on the lift in each case. 

15. A weight of 20 ozs. is moved on a smooth horizontal 

table bj a weight of 4 ozs. connected with it by a 
string which passes over a pulley at the edge of the 
table and hangs vertically downwards. After 3 sees, 
the weight reaches the edge of the table, and the 
string breaks. At what distance from the top of the 
table will the weight of 20 ozs. strike the ground 
supposing it to reach the ground in 1 sec. ? 

16. If a force of 6 lbs. gives to a certain mass a velocity of 

20 ft. per sec. in 4 sees., what velocity will a force of 
4 lbs. give to twice the mass in 6 sees. ? 

17. For how long a time must a force of 3 lbs. act on a mass 

of 120 lbs. to give to it a velocity of 960 yards per 
minute? 



VIII. — Impulsive Forces. 

§ 53. The forces mre have bitherto considered 
have been such as, acting for one second, generate a 
certain amount of momentum, by which they have 
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been numerically expressed. These forces are some- 
times called moving fot'ces-^^ term which expresses 
no more than force itself, since all forces necessarily 
tend to produce motion. We have to consider now 
a class of forces which do not continue to act for 
any definite period of time, but cease to act as soon 
as they have imparted a certain velocity to the mass 
which they set in motion. We have instances of 
such forces when a ball is projected from the hand, 
or struck by a bat, when an arrow is shot from a 
bow, or a bullet from a gon, when a nail is hammered 
into a wall, or when piles are driven into the ground ; 
in short, whenever the impelling force acts for an 
indefinitely short period of time and then ceases^ to 
act. These forces are called impulsive forces, and 
it is clear that we cannot measure their magnitude 
by the momentum they generate in a second, since 
their action is limited to a much shorter period 
of time. They can, however, be measured by the 
momentum instantaneously generated ; and this mo- 
mentum will remain constant, neither increasing nor 
decreasing, except by the action of some other force. 

If P be the magnitude of an impulsive force, 

which causes a mass M to start ofi* instantaneously 

with a velocity r, then P =:i M , v, because Mv imits 

of momentum are instantaneously generated by P. 

P W 

Hence t; = -— ; and if we substitute — for Jf we have 

M g 

P 
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This equation differs from that previously ob- 
tained for other forces, in so &r only, that v is 
substituted for /; and if we suppose/ to represent 
the velocity immediately produced, instead of that 
generated after one second, the same formula will 
hold good. It is important to remember that a 
constant force, t.6. a force which continues to act 
for a definite period of time, generates an increasing 
velocity or progressive effect, whilst an impulsive 
force, which acts for a moment only, produces a 
uniform velocity or constant effect. If the force 
continues to increase in magnitude a fortiori the 
effect increases also, and so much so that the effect 
continues to get greater after the force itself b^ins 
to diminish. This is the case with the average 
temperature during July and the early part of 
August, which goes on rising, although the heat 
which the earth daily receives from the sim has 
begun to diminish. 

§ 54. Examples. — (1) If a gun with a certain 
chjirge of powder cause a hundred-pound shot to 
ascend vertically for 3 seconds, through what height 
will a fifly -pound shot ascend with three times as 
great a charge ? 

Let P be the impulsive force of powder in first 
case, and let P' be the impulsive force of powder in 
second case. 

Then if v be the velocity with which the shot 



MEASTTBEMENT OF FOKCE. 83 

leaves the gun in first case, and if v' be the velocity 
with which the shot leaves the gun in second case, 

P P' 

V = - — . q and v' = __ at 

but i>' = 3P.-.t/ = |^^.,;.-.J=l 

and, since the shot ascends in the first case for 3 sees. 

t? = 3 ^ ,% v' = 18 ^ =/y 2 (/ 5 where 8 is the height 

reqmred 

/, 8 = 5184 feet nearly. 

P 

It will be seen that since i; = — - . ^, the velocity 

of projection varies directly with the impelling force 
and inversely with the weight of the mass projected. 
And, since the height to which a body rises varies 
with the square of the velocity of projection, as is 

height to which a body can be projected varies 
directly with the square of the impelling force, and 
inversely with the square of the mass projected. 
Eemembering this fact, many problems may be 
solved by the ordinary process of double rule of 
three. 

(2) A shot weighing 2 ozs., and projected with 
p ozs. of powder, rises to a height of 100 ft. ; to what 
height will a shot rise, that weighs 5 ozs., and is 
projected with Zp ozs. of powder? 

a 2 



seen from the equation v* = 2 ^ 8 or s = -- ^ the 
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A shot weighiog 2 ozs. projected with p ozs. of 

powder rises 100 ft. ; therefore a shot weighing 1 oz. 

projected with p ozs. of powder would rise 100 x 

2^ ft. ; therefore a shot weighing 5 ozs. projected 

100 X 2' 
yrithp ozs, of powder would rise -^ ft.; there. 

fore a shot weighing 5 ozs. projected with 1 oz. of 

100 X 2' 
powder would rise -— = ft. : therefore a shot 

*^ 5' X ^^ 

weighing 5 ozs. projected with 3p ozs. of powder 

would rise 

100 X 2« X 3»»» 100 X 4 X 9 , . . « 

-5 5 — ^ =: — = 144 ft. 

5' X jp' 25 



EXEECISES. 

1. An arrow shot from a bow starts off with a velocity of 

120 ft. per sec ; with what velocity will an arrow 
twice as heavy leave the bow, if sent off with three 
times the force ? 

2. If a ball fired from a gun rise to a height of 150 ft., 

to what height will a ball half again as heavy rise, if 
fired with twice the charge of powder ? 

3. Two balls weighing 8 ozs. and 6 ozs. respectively are 

simultaneonsly projected upwards, and the former rises 
to a height of 324 ft. and the latter to 256 ft. ; com- 
pare the forces of projection. 
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EXAMINATION. 

1 . Explain how force is measured. 

2. What is the unit of force ? 

3. On what does the weight of a bodj depend? 

4. Two bodies the masses of which were as 8 : 2, were 

found by a spring balance to weigh in two diiferent 
places 963 grammes and 628 grammes respectively. 
Compare the velocities acquired by a body falling for 
1 sec in each of the two places. 

5. Explain what is meant by Tnofnentum, and how it differs 

from vdocity, 

6. If the unit of length were a yard and the unit of time 

were a minute, how would the value of y be corre- 
spondingly changed ? 

7. Two weights 16-26 ozs. and 16*76 hang over a pulley; 

find their velocity after 4 sees. 

8. What are the uses of Atwood's machine? 

9. What is the law connecting the pressure that com- 

municates motion to a mass, with the acceleration with 
which the mass moves ? 

10. Find in what time a force of 5 lbs. will move a weight 

of 16 lbs. through 45 ft. along a smooth horizontal 
plane. 

11. Find in what time a weight of 5 lbs. hanging vertically 

downwards will move a weight of 11 lbs., with 
which it is connected by a string passing over a pulley 
through 46 feet along a smooth horizontal plane. 

12. Two bodies whose masses are m and 3 m are moved by 

forces 3|) and p respectively ; compare the spaces they 
describe in t sees. 

13. What force must act on a mass of 48 lbs. to increase its 

velocity from 30 ft. to 40 ft, whilst it passes over 
80 ft.? 

14. For hpw long a time must a force of 1 lb. act on a mass 
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the weight of which is 40 lbs. to give to it a velocity of 
600 ft. per sec ? 

15. A weight of 100 lbs. is moving horizontally with a 

velocity of 20 ft. per sec., and is retarded by friction 
which is equivalent to a force of 5 lbs. How far will 
it move ? 

16. To one end of a string hanging over a pulley is attached 

a weight of 5 ozs. and to the other end two weights of 
3 ozs. and 4 ozs. Motion takes place for 3 sees., when 
the weight of 4 ozs. is removed ; for how long will the 
weight of 5 ozs. continue to ascend? 

17. Two weights Pand Q hang over a smooth wheel, con- 

nected by a string, and P descends 18 ft. in 3 sees. If, 
however, 5 ozs. had been added to Qj Q would have 
descended through the same space in 4^ sees. ; find P 
and Q, 

18. How may an impulsive force be measured ? If P be the 

measure of a certain blow, explain clearly the meaning 

p 
of the equation / « -—.g, 

rr 

19. What is the measure of the blow ^ven to a ball weighing 

1 lb. if it start off with a velocity of 224 ft. per sec. ? 

20. Two balls whose masses are as 2 : 3 are projected ver- 

tically upwards with the same force; compare the 
heights to which they rise. 

21. A body of given mass is acted upon by a constant force ; 

find the space described in a given tim& — Matrieula* 
turn, Jan. 1870. 

22. What is meant by the * acceleration ' due to a force; and 

upon what does its magnitude depend ? If the velo- 
city of a body increases from 12 ft. to 13 ft. per sec. 
while it moves over a distance of 5 ft., what is the 
acceleration? Indicate the course of the reasoning 
upon which your calculation is based. — Ib.^ Jan. 1870. 

23. A mass originally at rest is acted on by a force which in 

1 '368th of a sec. gives to it a velocity of 5 J in. per 
sec ; show what proportion the force bears to thd 
weight of the mass. — lb,, Jan. 1871* 
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24 K a particle moves in consequence of the continued action 
upon it of a constant force, show what is the character 
of the resulting motion, and in what manner it depends 
on the magnitude of the force and the mass of the 
particle. — Matriculation, Jan. 1872. 

25. As a special case show how the resulting motion would 

be changed if the mass of the particle were trebled, and 
the intensity of the force acting upon it were doubled. 
— /6., Jan. 1872. 

26. The speed of a railway train increases uniformly for the 

first 3 mins. after starting, and during this time it 
trayels 1 mile. What speed (in miles per hour) has it 
bow gained, and what space did it describe in the first 
2 mins. ?—/*., June 1872. 

27. In the last question, supposing the line level and disre- 

garding friction and the resistance of the air, compare 
the force exerted by the engine with the weight of the 
train. — i&., June 1872. 

28. Which could you throw further, a small ball of lead or 

a ball of cork of the same size ? and why ? — /&., Jan. 
1873. 

29. Find the tension on a rope which draws a carriage of 8 

tons weight up a smooth incline of 1 in 5, and causes 
an increase of velocity of 3 ft. per sec. — lb., June 
1873. 

30. If, on the same incline, the rope breaks when the car- 

riage has a velocity of 48*3 ft. per sec., how far will 
the carriage continue to move up the incline ?— ^i^., June 
1873. 

31. When a body changes its rate of motion under the action 

of a constant force, show that the space described in 
any time is the same as the space described by a body 
moving uniformly with the mean velocity for the same 
time. — Jb,, Jan. 1874. 

32. I suddenly jump off a platform with a 20 lb. weight in 

my hand. What will be the pressure of the weight 
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upon my arm while I am in the air ? Crive a reason 
for your reply. — Mairictdationy Jan. 1874. 

33. In Atwood's machine one of the boxes is heavier than 

the other by half an ounce. What must be the load 
of each in order that the overweighted box may fall 
through 1 foot during the first second? — lb., Jan. 
1874. 

34. The last carriage of a railway train gets loose whilst the 

train is running at the rate of 30 miles an hour up an 
incline of 1 in 150. Supposing the effect of friction 
upon the motion of the carriage to be equivalent to a 
uniformly retarding force equal to ^ the weight of 
the carriage, find, first, the lengtii of time during which 
the carriage will continue running up the incline, and 
secondly, the velocity with which it' will be running 
down after the lapse of twice this interval from the 
instant of its getting loose. — PreUminary Scient, Ut 
M. B., 1869. 

35. A weight of 6 ozs. is drawn up along the lid, 4 ft. long, 

and rising 2 in 9, of a smooth desk by a weight of 5 
ozs. which, attached to the other weight by a string, 
hangs over the top of the desk and descends vertically. 
Find the velocity acquired when the heavier weight 
reaches the top of the desk. — lb,, 1871. 

36. If the mass 1 lb. be the nnit of mass, and 1 foot and 1 

sec. be the units of space and time, how would you 
define the unit of force ? and how many such units of 
force are there in the weight of \\ lbs. ? — R., 1871. 

37. Two planes, inclined at one-third and two-thirds of a 

right angle to the horizon respectively, meet at the 
top and slope opposite ways. If bodies of equal weight 
fall down these planes, starting at the same instant, 
find their accelerations, and show that the motion of 
their centre of gravity is the same as if one of them 
were to remain at rest and the other to fall vertically. 
— /6., 1873. 
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38. The weights at the extremities of a string which 
passes over the pulley of an Atwood's machine are 500 
and 502 grammes. The larger weight is allowed to 
descend ; and 3 sees, after motion has begun, 3 grammes 
are remoTed ^m the descending weight. What 
time will elapse before the weights are again at rest ?— 
Prelim. Scient Ut M. B„ 1874. 
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CHAPTER IV. 
Newton's laws of motion. 

IX. The First and Second Laws, 

§ 55. Three laws have been enunciated by Newton, 
as the principles in accordance with which motion 
takes place, and have generally been made the basis 
of Dynamical Science. In the preceding pages we 
have assumed some of the principles involved in these 
laws, but there are others of great importance which 
we shall now be able to consider. These laws are 
the following : — 

§ 56. Law I. — Every body continues in a state 
ofreaty or of uniform motion in a straight line^ unless 
it he compelled by impressed forces to change that 
state. 

This law, as founded on experience, is supported 
by negative evidence only. It consists of two dis- 
tinct parts. The first part, which is sometimes 
oalled the Law of Inertia, asserts that a body has no 
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power to put itself in motion, bat if in a state of rest 
it will continne so, unless made to move by external 
force. Now, we have already seen that absolute rest 
nowhere exists, and that what we call rest is a com- 
plex state resulting fiom the combined action of 
several £>rces. Since there is no matter without 
force and no force without the tendency to motion, 
the state of rest cannot be r^arded as the normal 
condition of bodies. What this law, therefore, asserts 
is, that when a body is maintained in a state of rest 
by the combined action of two or more forees, the 
energy of these forces (a term we shall afterwards 
more carefully consider) will be continuously pre- 
served, and the body will consequently remain in a 
state of rest, imless some other force change the 
conditions. 

The second part of the law asserts what we have 
already been compelled to assume, that all bodies 
tend * to move uniibrmly, and in a straight line In 
other words, that a body once in motion tends to 
preserve that condition, and to maintain its original 
momentum. In support of this law, which observa- 

' By introducing some word signifying * tendency* in the 
propositions of dynamics, we save the necessity of providing 
for cases in which other foices change the motion of the body. 
Thus it is incorrect to say that all bodies ML to the earth, 
because a balloon contradicts this law; but it is peifectly 
correct to say that all bodies tend to fall to the earth, and to 
this law the motion of the balloon forms no exception. 



92 DTNAMIGS — ^FOBGE. 

tion abundantly Yerifies, an appeal is made ta the 
experience acquired by gradually removing the 
several external causes, which practically, to a 
greater or less extent, always impede motion. Thus 
it is found that the smoother the road along which 
a stone is rolled the further the stone will roll ; that 
the more the air is removed from a chamber in which 
a pendulum is suspended, the longer it will continue 
to oscillate ; — that in all cases where a body once in 
motion is gradually brought to rest, some external 
force, such as friction, is shown to exist, and that as 
this £)rce is diminished the duration of the motion 
is increased. This law shows not only that the 
velocity will be preserved, but likewise the cUxection 
of the motion ; and that a body cannot move other- 
wise than in a straight line except by the continuous 
action of some external cause. 

§ 57. Law n. — Change of motion is proportional 
to the impressed force, and takes place in the direction 
of the straight line in which the force is impressed. 

This law asserts that whatever motion (and by 
motion is here understood quantity of motion or 
momentum) a certain force produces, double as 
much motion wiU be produced by twice the £>rce, 
three times as much by a force three times as great, 
and so on. It also shows that if a certain force 
acting for one second can produce a certain amount 
of motion, the same force acting for two seconds will 



Newton's laws of motiok. 93 

prodnce twice that quantity. This explains how it 
is that a constant force sach as gravity prodnoes an 
acceleradye effect^ adding on a fixed increment of 
momentum eyeij second to the falling body. This 
law is really the fundamental principle of mechanical 
science : finr since change of motion is proportional 
to the moving finroe, when several &roes act together, 
the change of motion doe to each is proportional to 
each, and the law of the composition of mechanical 
forces is thus established. This law may be enun- 
ciated thus : — 

When several forces act simultaneously on a hody^ 
each produces the same effect as if it had acted sepa- 
rately. 

The operations of this law have been already 
conffldered in the diapter on Kinematics ; but quan- 
tity of motion was there understood to mean velocity 
only, since the mass of the body was not taken into 
accotmt. This law includes, therefore, the law of 
the compodtion of velocities already referred to 
(§22). A consequence of this law is that forces 
produce the same effect when acting on a body at 
rest or in motion, since the state of rest is the result 
of a certain number of forces simultaneously acting. 
It also follows that the resultant of any number of 
forces may be found by the same process as the 
resultant of any number of velocities, and many of 
the propositions of Statics are immediately deducible 
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there&om. The law is illustrated by a variety 
of phenomena. A ball thrown vertically upwards 
from the hand of a person in motion will return to 
him just the same as if he had been stationary : 
a stone dropped from the top of the mast of a ship 
f&Ua at the foot of the mast, whether the vessel be 
sailing or at rest: a body projected horizontally 
from the top of a cliff reaches the ground at the 
same point as if it had first moved horizontally with 
the velocity of projection, and then vertically down- 
wards under the action of gravity for the whole time 
of flight. Other consequences of this law have been 
already considered in Chapter I. 



, X. — The Third Law of Motion, 

§ 58. Law III. — Action and Reaction are equal 
and opposite ; that is, to every action there is a corre- 
sponding reaction equal in magnitude and opposite in 
direction. 

This law is a further development of the great 
physical principle involved in the two former laws — 
that Force is as indestructible as Matter, and that 
when the action of a force seems to cease, we find in 
its place a new force which we call reaction. From 
this law many important principles, that properly 
belong to Statics, are at once deducible. It is illus> 
trated by a variety of phenomena. 
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§ 59. Statical Beaction. — If one body presses 
another it is at the same time equally pressed by the 
other body, but in an opposite direction. If we 
press our hand on a table, the hand is equally pressed 
by the table, and if the table move under the pressure 
it is because the pressure of the hand against the 
table is just, and only just, greater than the pressure 
of the table against the hand. If a heavy body rest 
on a hard surface it presses against that surface, and 
is, at the same time, equally pressed by the sur^e 
in the opposite direction. This opposing pressure of 
the hard surface is called Statical Reaction and is 
always perpendicular to the surface, and exactly 
equal to the pressure which the body causes in that 
direction. This is true whether a body rests on a 
sur&ce that is horizontal or inclined at an angle to 
the horizon. In the former case the reaction is equal 
to the whole weight of the body ; but in all other 
cases it is equal to the pressiure exerted, i.e. to the 
part of the force which acts in a direction perpen- 
dicular to the plane. 

§ 60. Tension. — If a horse draw a tram-car by 
means of a rope, the horse is drawn in the opposite 
direction by a force equal to that which he exerts 
through the rope. The rope in fact is stretched by 
two equal forces in opposite directions. This effort, 
so to speak, of the rope in the direction of the horse 
and in the direction of the car is called tension* 
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Tension is a force that acts equally towards both 
ends of a stretched string and at any point in it. 
The force necessary to move a body when transmitted 
through a string must be just greater than the force 
of tension which acts equally towards the pulling 
body and the body pulled. That tension is a force 
which acts equally in both directions may be seen, if 
a string be attached to a fixed wall and stretched, 
and afterwards removed from the wall and stretched 
in the opposite direction by a force sufficient to keep 
the original force in equilibrium* These two forces 
will then be found to be equal, showing that the 
wall exerted a force equal to the stretching force. 
In speaking of the tension in strings, cords, &c. we 
shall assume that the string is perfectly flexible and 
inelastic; in which case the tension is the same 
throughout the whole length of the string. It acts 
at any part of it, towards both ends, and is equal 
to the stretching force. 

§ 61. Impact. — If one body strike another body 
and change in any way the motion of the other body, 
its own motion will be changed in an equal quantity 
and in the opposite direction. Thus, if one body 
strike or impinge on another body the momentum 
which the one body loses is equal to that "which the 
other gains. If the body A be moving in the direc- 
tion X Y, and the body B in the opposite direction, 
and if the momentum of A be equal to the momentum 
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of By and both bodies be perfectly inelastic, they will 
be brought to rest after they have impinged. Bat, 
if the momentum of ^ be greater than that of B, 
A will bring B to rest, and then both will move on 
with a diminished velocily . In these cases a certain 

Fig. 18. 
^ > H 




© 



amount of momentum, and consequently of force, 
is apparently lost. 

If the two bodies are moving in the same direc- 
tion and A overtakes B, the two will move on with 
a new velocity which can be thus determined : — 

Let the velocity of ^ be v and its mass M 
and „ „ B „ u „ „ N 

Then the body A has M v units of momentum 
and „ „ B „ Nu „ „ 

Let V be their common velocity after having im- 
pinged ; then, since action and reaction are equal and 
opposite, the momentum lost by A equals the mo- 
mentum gained by B, or 

M(v ^ F) = iVr(F-tt) 

•• ^'' M+N ' 
If the bodies are moving in opposite directions 
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we can apply to their velocities the distinction of 
sign, which is common in the application of algebra 
to geometry, and call the velocity of one body positive 
and of the other positive. In this case 

Mv — N'u 



F = 



M + N 



.\ generaUy V = ^ - ^ -. 

If the bodies be moving in opposite directions and 
Mv = Nu, V =^ 0, i.e. the bodies will be brought 
to rest by their collision. 

§ 62. Examples: 

(1) Two bodies the masses of which are 5 lbs. 
and 9 lbs. are moving in the same direction with 
velocities of 10 ft. and 5 ft. respectively ; what is 
their common velocity after impact ? 

Here 3f = 5, iV = 9, t; = 10, and m = 5 

/. 5 X 10 + 9 X 5 = 14 F /. F= ?i = 6|i 

14 * 

ft. per sec. 

(2) Two bodies whose masses are 10 lbs. and 
8 lbs. are moving in opposite directions with velo- 
cities of 4 ft. and 6 ft. respectively ; find the velocity 
and direction of the motion after, impact. 

„ 17 10x4-8x6 . , ^ 

Here F = -^ -g = — ^ ft. per sec. 

The motion is in direction of the lighter body. 
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§ 63. The third law of motion is further illus- 
trated bj the recoil of a gun, when a shot is projected 
from it. Without considering the exact action that 
takes place in consequence of the expansion of the 
gases which the ignited powder evolves, we may say 
that the momentum of the shot is found to equal the 
momentum of the gun. 

Suppose a shot weighing 48 lbs. to start from a 
gun weighing 4 tons with a velocity of 200 ft. per 
second, the velocity of recoil can be easily determined. 
For if V equal this velocity, 

4 X 20 X 112 X v = 48 X 200, 
and V = 1-1^ ft. per second. 



EXAMINATION. 

1. How does a body tend to move when once in motion ? 
A stone is tied to a string and whirled round ; if the 
gto&e free itself from the string in what direction 
will it move? Show how its motion illustrates 
Newton's first law. 

2. Mention facts which serve to yerif j Newton's first law of 

motion. 

3. A balloon is moving horizontally through the air at the 

rate of 30 miles an hour, and a stone dropped from it 
reaches the ground in' 4 sees. What is the height of 
the balloon, and how far has it travelled during the 
passage of the ball ? If the resistance of the air be 
considered, in what direction would the stone seem to 
faU? 

H 2 ' 
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4. What is meant by statical tension? How does it illustrate 

Newton's third law ? 

5. If two weights P and Q hang by a string over a smooth 

wheel, and P be greater than Q, what is the tension in 
the string ? 

6. Two bodies, perfectly inelastic, of different masseb, aro 

moving towards each other with yelocities of 10 ft. per 
sec. and 12 ft. per sec. respectiyely, and continue to 
move after impact with a velocity of 1*2 ft. per sec. in 
the direction of the greater. Compare their masses. 

7. What is the law of the composition of forces ? How was 

it enunciated by Newton ? 

8. If forces of 30 lbs. and 40 lbs. act at a point at right angles 

to each other, wHat is the resultant force ? 

9. Two bodies of equal masses are moving in the same 

direction, and the velocity of the one is 10 ft. per sec, 
of the other 15 ft. per sec. ; find their velocity after 
impact. 

10. Two bodies whose masses are to one another as 3 : 2 are 

moving (1) in the same direction with velocities of 20 
and 25 respectively, (2) in opposite directions; com- 
pare their velocities after impact. 

11. A body the mass of which is 10 lbs. is projected along a 

smooth horizontal plane with a velocity of 20 ft., and 
strikes another body at rest the mass of which is 40 
lbs. ; find the velocity with which they move on 
together. 

12. Three bodies of equal masses are placed'at equal distances 

in a straight line on a smooth horizontal plane, a 
fourth body of equal mass is projected in the same line 
with a velocity of v ft. per sec ; find the velocities alter 
successive impacts. , 

13. Show the application of Newton's third law, in hammer- 

ing a nail into the wall, in the fall of a heavy body to 
the earth, in the driving of piles into the ground. 

14. If a shot weighing 20 lbs. leave a gun weighing 3 tons 
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"with a velocity of 1,200 ft. per sec., find the velocity of 
the gun's recoil. 

15. If a shot weighing 32 lbs. he fired from a gun weighing 

2 tons with a velocity of 1,120 ft per sec., and if the 
friction between the gun and the ground be equal to a 
force of 1 ton, how far will the gun recoil ? 

16. Explain the terms * force,* * weight,' 'pressure,* and * ten- 

sion.* — MatrictUationy Jan. 1869. 

17. Distinguish between the statical and dynamical measures 

of force. How are they related to one another? — 2b. ^ 
June 1869. 

18. Explain the third law of motion. Apply it to determine 

the velocity gained per second when weights of 6 ozs. 
and 4 ozs. are attached to the two ends of a string 
passing over the edge of a smooth table, the larger 
weight being drawn along the table by the smaller, 
which descends vertically. — lb., Jan. 1871. 

19. State the three laws of motion, and give examples of each. 

A rifle is pointed horizontally with its barrel 5 fL 
above a lake. When discharged the ball is found to 
strike the wat-er 400 feet off. Find approximately the 
velocity of the ball. — 2&., June 1873. 

20. State the third law of motion. 

Show from your statement of it how to find the tension 
of the string and the acceleration when one ball is 
drawn up an inclined plane by another which hangs 
by a string passing over a fixed pulley at the top of the 
plane. — Preliminary Scientific 1st M. 5., 1870. 

21. Equal spherical inelastic bodies are placed at short equal 

intervals in a smooth horizontal groove. The first is 
projected fifom an end along the groove with a velocity 
of 20 ft. per sec. Find the velocities after successive 
impacts. — lb., 1870. 

22. Explain the meaning of the phrase * Action and Reaction 

are equal and opposite.* — lb., 1872. 

23. State the third law of motion, and show how it holds in 

the case of a stone which ia in the act of falling towards 
the earth. — lb,, 1873. 
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CHAPTER V. 

ENERGT. 

XI. Work — Friction. 

§ 64. Whenever a body moves througli any 
space in a direction opposite to that in which a force 
is acting on it work is said to be performed. If a 
horse draw a cart along a rough, level road, the horse 
does a certain amount of work, which depends on the 
force of friction against which the horse is moving 
and on the space traversed. It is evident that the 
application of force is necessary to overcome resist- 
ance, and it is very often found necessary to measure 
the work done by the amount of force expended and 
the distance through which it has been employed. 
Thus, in the example already given the force which 
the horse exerts, and the distance through which he 
moves, may be regarded as the two elements of tlie 
work done. 

§ 65. XTnit of Work.— The unit of work is that 
amount of work which is done when a body moves 
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through one foot against a resistance of one pound. 
This unit of work is called the foot-pound. The 
unit of work is very commonly taken as the kilo' 
grammemetre, and this unit is generally employed in 
comparing the work done by different physical agents. 
The most simple instance of the expenditure of a 
unit of work is when a pound- weight is raised verti- 
cally through one foot. In this case the measure of 
the force of gravitation is one pound, and the distance 
traversed is one foot, and we can fix our attention 
either on the force which is. continuously exerted 
through one foot to raise the body, or on the resist- 
ance of one pound against which the body is moved 
through a foot. The result is the same in either 
case : a unit of work is performed. 

§ QQ. Keasnre of work done. — If a body move 
through 8 ft. against a resistance of H lbs., or be 
moved through ^ fl. in the straight line in which a 
force of H lbs. is acting on it, H.s units of work will 
be performed. The work done, therefore, is mea- 
sured by the product of the resistance or force, and 
the effective distance through which the body is 
moved. By effective distance is meant the distance 
measured in the same direction as that in which the 
force is acting. Thus, if a man pull a weight of 
100 lbs. up a smooth incline 200 ft. in length and 
80 ft. in height, the effective distance through which 
the weight will have been pulled \» 80 ft., although 
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the distance traversed is 200 ft., and the work done 
is 8,000 foot-pounds. 

Fnction, 

§ 67. FrictioiL — The resistance which a force 
has to overcome in moving a bodj may be due to 
various causes, one of which, viz., gravitation, has 
ahready been considered. Another, quite as common, 
is friction, which is brought into play, whenever one 
rough body is moved upon another. Practically, all 
bodies are rough ; for, although there exists hardly 
any limit to the degree of polish that can be imparted 
to certain substances, still no surface can ever be 
absolutely smooth. 

§ 68. Keasnre of Frictioii. — ^It is evident that 
the force of friction acts in the opposite direction to 



Fig. 19. 
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that in which the body tends to more. It can be 
measured, therefore, by the force that is necessary to 
move the body on a horizontal plane. Suppose we 
require to know the force of friction that exists 
between the weight W and the sur&ce ^ ^ on which 
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it rests. Let a fine thread be attached to the weight 
and passed over a small wheel, as in fig. 19, and let 
the other end of the thread support a weight P. If 
P be the least weight which will canse the body to 
move along the plane P is the measure of the firiction 
between the two surfaces. 

§ 69. Another method of measuring the resist* 
ance due to friction is bj elevating the plane A B 

Fig. 20. 




till the body begins to slide. If ^ ^ C be the angle 
of elevation of the plane at which sliding commences, 
the force of friction is equal to that force which, 
acting parallel to the plane, would support the weight 
W^ the plane being perfectly smooth. If i^ be this 
force F \ W\\h,\l where h and I are the height 

and length of the plane (§ 52, Ex. 11) /. jP= ^ W. 

ft 

If i? be the resistance of the sur&ce it can be 

shown that E\W\\h\ly and hence 

lb o 
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§ 70. Laws of Friotion.— By these means ttie 
friction between different substances has been' deter- 
mined, and the following laws have been experimen- 
tally established : — 

1. The friction is independent of the extent of 
surfaces in contact. 

2. The friction is independent of the velocity 
when there is sliding motion. 

3. The friction varies with the normal pressure, 
when the materials of the surfaces in contact remain 
the same. 

§ 71. Coefficient of Prictioii. — The ratio of the 
friction to the normal pressure is called the coefficient 
of friction^ and is represented by the Greek letter fi. 
llius, if F be the force parallel to the sur&ces in 
contact, which is just sufficient to produce sliding 

F 

motion, and if R be the normal pressure -^ = u, or 

Fz=fiR. • 

By normal pressure is understood the reaction 
of the surface, which we have seen (§ 59) is per- 
pendicular to the sur&ce pressed. Thus, if a weight 
rest on a horizontal sur&ce the normal pressure equals 
the weight, or F ^ fi W\ but if it rest on an in- 
clined plane, as in fig. 20, J^ = fi i? = /x - TFl 

» 

It follows from § 69 that the coefEcient of friction 
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is the ratio between the height and the base of the 
plane on which sliding is about to commence. 

§ 72. Examples. — (1) Find the work done in 
drawing a body of weight TF up a rough inclined 
plane the height of* which is h^ and length L 

Let fi be the coefficient of friction. The work 
done against gravity is Why since the weight Wis 
moved to a height A. The work done against friction 
is Fly where F is- the resistance due to fidction. 

Now, we have seen that F=^ fi -W where b is the 

base of the plane. Therefore work done is fib W\ 
and total work done equals Wh -\- fib W, or the 
same amount as would have been done if TFhad 
been moved along the base of the plane horizontally 
against friction, and then elevated against gravity 
through a height h, 

(2) How much work is done when an engine 
weighing 10 tons moves half a mile on a horizontal 
road, if total resistance is 8 lbs. per ton ? 

The force against which motion takes place is 
80 lbs., and the distance moved through is 2,640 it. 

/. work done = 211,200 foot-pounds. 

(3) If a weight of half a ton be lifted up by 
20 men, 20 ft. high, twice in a minute, how much 
work does each man do per hour ? 
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Here the weight lifted is 10 cwt. = 1,120 lbs., 
and the distance through which it is raised is 20 ft, 
/. the number of foot-pounds per minute is 44,800, 
and the nimiber of foot-pounds per hour is 2,688,000, 
•*• each man does 1,344,000 foot-pounds per hour. 

(4) A heavy body falls down the whole length of 
a rough incline on which the coefficient of friction is 
0*2. The height of the plane is 10 ft. and the base 
30 ft. On reaching the bottom it rolls horizontally on a 
plane, having the same coefficient of friction. Find 
how far it will roll. 

Now, in falling down the plane the body acquires, 
by the action of gravity, the power of doing a certain 
amount of work equivalent to what would be ex- 
pended in raising the body to the top of the plane. 
Work acquired is TT^ = 10 TT foot-pounds, where 
W is the weight of the body. Part of this number 
of imits of work is lost by friction ; and work ex- 
pended in overcoming friction isfiftTr=0*2 x 30 
W=z^W. Hence the body has acquired 4 TF" units 
of work in falling. Now, if 8 be the distance through 
which the body can move along the horizontal plane 
against friction, the work expended will be /lc Ws^ 
.\ /i Tr« = 4 TT, or 0-2 x s = 4or s = 20 ft. 

(5) A heavy body fidls down' a plane, as in the 
preceding Question, and with the energy acquired 
rolls up another plane in contact with it. Find the 
distance through which it ascends. 
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Let A, by and /z be the height, base, and coefficient 
of friction on one plane. Let A', b'y and fjf be 
the height, base, and coefficient of friction on the 
other. Then if TT be the weight of the body, 
W h — fj TT ft is the niimber of units of work ac- 
quired in falling the whole length of the first plane. 
Let X be the distance measured horizontally, and 
y the distance measured vertically, from the foot of 
the plane, of the point which the body is enabled to 
reach on the incline. 

Then, Wy -hfi^ Wxis the measure of the work 
expended in reaching this point, the positive sign 

Fig. 21. 




showing that gravitation and friction are opposed 
to the rising of the body. 

/. Wy + fi' Wx^zWh^fjL Wb, 



or 



'^^ f=^'-<^' + ''') = *-"*' 



or 



X = 



A -^ft .5/ 



A' + fi' b 
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and y=f ^^,t'h^ 

^ h' + /u' b' 

,\ Distance required = y/{x^ + y^) = "" ^ x l\ 

h' + fx'b' 

where V is the length of the second plane. 



Xll. Varieties of Energy — Conservation of Energy, 

§ 73. Definition of Energy. — The energy of a 
body is its power of doing work. Every moving 
body possesses energy, i.e. it is capable of overcoming 
resistance. Instances of bodies possessing energy 
are numberless. The flying bullet has the power of 
piercing a sheet of iron and of overcoming the cohe- 
sion between its particles ; the running stream is able 
to turn the wheel of the water-mill, and the energy 
it possesses is utilised in grinding com ; the moving 
air drives the ship through the water and overcomes 
the resistance offered to its passage. Wherever we 
find matter in motion, be it solid, liquid, or gaseous, 
we have a certain amount of energy which can be 
utilised in endless ways. 

§ 74. Kinetic and Potential Energy. — ^The 
energy of moving matter is called Kinetic Energy : it 
is energy ready for use, — energy that is constantly 
being spent, though it may not be economically em- 
ployed. The rivulet will flow from the highlands to 
the lowlands, whether we give it work to do or not. 
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Now, the energy of a moving body can be conveniently 
expressed in terms of its rate of motion. Suppose v 
to be the velocity of the moving mass and W its 
weight, and suppose « to be the vertical height to 
which W would rise if projected upwards with the 
velocity v, then Ws is the measure of the work 
which W is capable of doing ; and since v^ =:2 gs^ 

™ Wv^ M v^ 

Hence, the kinetic energy of a mass M moving with 

M V* 
a velocity v is equal to — - — , and this expression 

represents the number of units of work stored up in 
the moving body and available for any purpose to 
which the hand of man can adapt it. 

But matter is not deprived of energy even when 
at rest. We have seen that bodies at rest have a 
tendency to motion, which the removal of a force, or 
the application of a force, can always render actual. 
In the same way there exists in so-called inert matter, 
— in matter that is apparently at rest, a tendency to 
put forth energy, and this energy is called Potential 
Energy, buppose a weight of 1 lb. be projected ver- 
tically upwards with a velocity of 32*2 ft. per second. 
The energy imparted to the body will have carried 
it to a height of 16 1 ft., and the body will then cease 
to have any velocity. The whole of its kinetic 
energy will have been expended ; but the body will 
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have acquired, instead, a new position, a vantage- 
ground ; and if free to fall from this position it will 
obtain a velocity of 32*2 ft. per second, and liius re- 
acquire the energy which it originally received. 
Now, we may suppose the weight to be lodged for 
any length of time at an elevation of 16*1 ft. from its 
point of projection, and during this time its energy 
will be latent or poteniicU — stored up and ready to 
be freed, whenever it shall be permitted to falL It 
is evident that the matter of which this earth is com- 
posed is always endeavouring to find a lower level 
than it possesses ; and this tendency is the source of 
its potential energy. The energy, which in bygone 
years has been expended in raising walls and towers 
on the tops of hills and elsewhere, still survives, 
and when the stones of which they are composed 
shall fall from their places, there will be expended 
in the fall the same amount of energy as was em- 
ployed in raising them. In the boulder embedded 
in the sea-shore we have evidence of kinetic energy 
that has been spent ; in the overhanging crag we see 
a mass endowed with the eneigy of position, which 
at any moment may be changed into an active and 
destructive force. Nature, by her own processes, is 
continually modifying the relative position of the 
matter of which this earth is formed, and in every 
change there is a re*adjustment of energy, but neither 
Ices nor gain. 
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§ 75. Conversion of Heat into Keclianical 
Energy. — Our chief sources of heat are the sun and 
the combustion of fuel. The sun's heat is being 
constantly changed into mechanical energy. The 
wind that turns the sails of the mill and driyes the 
i«hip through the sea receives its motive power from 
the sun's heat. The mechanical energy of a run- 
ning stream has been derived from the same source. 
The clouds that settle on the ridges of the hills and 
on the mountain-peaks have been raised by the force 
of the sun's heat from the waters of the sea ; and 
the billing rain feeds the streams and rivulets which, 
after having done some useful work, find their way 
back to the sea. The havoc which so often follows 
the glacier in its fall is caused by the release of the 
sun's energy stored up in the ice. 

When wood or coal is burned the heat evolved 
can be made to perform work. The steam-engine is 
the most important instrument for converting heat 
into mechanical energy. A portion of the energy 
thus formed is employed in overcoming certain re- 
sistances incidental to the working of the machine ; 
the remainder may be spent directly in work, as in 
raising heavy loads by the steam-crane, or in giving 
motion to other bodies, as in the ordinary locomotive. 
In either case the energy is ultimately transmuted 
into motion. 
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§ 76. Conversion of Mechanical Energy into 

Heat. — ^In discussing Newton's third law of motion 
we stated that when one body impinged on another, 
the momentum lost by one body was gained by the 
other, and that if they were moving in the same direc- 
tion the momentum of both, ailer impact, was the same 
as that of the two separately before impact. Now, 
this assertion is approximately, but not absolutely, 
true ; for it is found that a certain amount of mo- 
mentum will have been lost by the impact, whilst a 
corresponding amount of heat will have been gene^ 
rated. Moreover, when two bodies, each having the 
same momentum, and moving towards each other, 
impinge, the momentum of the one destroys that of 
the other, and they come to rest. Now, energy 
appears here to be wholly destroyed. For, although 
we can use the conventions of algebra to speak of 
positive and negative velocity, we cannot use the signs 
plus and minus in the same sense Vith respect to 
energy. All energy is positive. It matters not in what 
direction a body is moving, its energy, if apparently 
destroyed, must be reproduced in some other form. 
What we have found to be the case with respect to 
bodies moving in the same direction explains this 
seeming contradiction to the general law. It is true 
the mechanical energy of the two bodies is lost by 
impact, but it reappears in the heat generated ; so that 
by widening the signification of the words ' action ' and 
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water or through air, or hj striking against another 
body, the energy of the moving body is not destroyed, 
but is converted into a new form of energy, which 
in its turn might be re-converted into the original 
mechanical energy which the moving body possessed. 

§ 77. Kelation between Work and Heat — A 
number of experiments have been made to show 
what amount of heat is exactly equivalent to a unit 
of work. The details of these experiments are given 
in treatises on heat. They serve to prove that the 
quantity of heat necessary to raise the temperature 
of a poimd of water through 1° F. possesses the 
same amount of energy as is required to lift 772 lbs. 
through one foot. In other words, the energy of a 
unit of heat is equivalent to 772 units of work. 
In compfuring work with heat, the kilogramme-metre 
and degree Centigrade are generally taken as stan- 
dards. In this case the unit of heat is the heat 
required to raise a kilogramme of water through 
1^ C, and the unit of work is the energy necessary 
to lifl a kilogramme through a metre of height. The 
relation that subsists between these quantities is given 
in the statement : — That a unit of heat can generate 
424 units of work, and in the destruction of 424 
units of work one unit of heat is produced. 

§ 78. Conseryatioii of Enei^. — The foregoing 
are a few instances of a vast number of &cts, which 
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have been generaliaed of kte jcmis into ft fbndai- 
mental law oi physical adcncc- This law, known as 
that of the Conaerralioa of Energy, emlRaoeB the 
following piopoaitions : — 

(1) The anm-total of energy in the muTCxse 
remains the same. 

(2) The Tarions ibnns of eneigy may be con- 
Teited the one into the other. 

(3) No energy is erer lost. 

§ 79. (1) These three propoaitkMis are intimately 
connected with one another. To imderstand the 
first of them, we mnst siqipofle &e nniverae to haTc 
been originally endowed widi certain energies or 
forces, die som-total of which is always, in quantity, 
the same. We hare seen that Tarions kinds offerees 
exist The most important of these is Gravitation, 
with which matter in all its forms is nniYersally 
endowed. It acts between bodies in mass and 
between the molecules a£ bodiesL Other mechanical 
forces are Cohesion, which holds the particles of a 
body together, and Elasticity, which is exhibited in a 
watch-spring, and whidi causes the particles of a 
body to resume their original position after having 
undergone displacement. We have spoken of He»c 
as a force, and have shown the relation between 
mechanical and thermal energy. The remaining 
forces of nature are less capable of being broxigi,^ 
within the range of mechanical principles. These 
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comprise Cbemical-affinity, which unites the elements 
that constitute a molecnle or particle, Light, Electri- 
city, and Magnetism. With respect to these forces, 
we can do no more than indicate the names by which 
they are known. What the law of conservation 
asserts is, that the sum-total of all these forces al- 
ways has remained and always will remain the same. 
If any one force be diminished in quantity there 
must be a corresponding increase in one or more of 
the other forces. It will be seen that this law of the 
totality of physical energy necessarily involves the 
second of the three propositions above-stated. 

§ 80. (2) Transmutation of Energy. — ^Facts 
hare already been mentioned that illustrate this law. 
The most general form of energy is what has been 
called ' visible energy,' t.«. matter in motion This 
can easily be converted into latent energy or energy 
of position. These two states are exemplified in 
the oscillation of a pendulum. When the pendulum 
reaches its lowest point it possess&s a ceitain amount 
of kinetic energy, which is sufficient to raise it 
through a certain arc on the other side, and when it 
reaches its highest point it acquires an equivalent 
amount of latent energy, which being set free, is re- 
converted into energy of motion. This transmutation 
of kinetic into latent energy, and of latent into 
kinetic energy, might go on for ever, if the friction 
of the pivot and the resistance of the air did not 
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gradually retard the motion of the pendulum, A 
certain amount of energy thus disappears, and we 
have found that the energy of motion that is lost is 
really converted into heat. The pivot and the air 
become heated by the motion. Kinetic energy, 
though it may endure for any limited period of time, 
must ultimately waste away into heat; and all 
moving bodies, in so far as they move against friction 
or through a resisting medium, will eventually come 
to rest. Perpetual motion, in the sense in which it 
is generally imderstood, is thus demonstrated to bti 
impossible. Since, however, heat is shown to ho a 
form of motion, it would appear that the motion of 
masses is perpetually changing into the motion ^' 
molecules. 

The conversion of momentum into ht»t is ui<jii 
common than the reverse process. Acertoiii auio^u' 
of work will always produce its equivalcjut u1 1 
but the heat cannot as easily be re-con vtij to 
momentum. The steam-engine has fuiiufi,.*' 
with the readiest means of evolving -wqvU livn . 
and we have seen that a numerical leiuu-^i , 
between the unit of heat and the unit ot m i^ 
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of energy are capable of being transmuted and re- 
produced under new forms. 

§ 81. (3) The Indestructibility of Energy.— 
Our law asserts that energy is never lost. It may 
become latent and remain so for centuries ; but it is 
pei-manent. The great source of energy in this 
universe is the sun. Streams of energy are con- 
tinually flowing from the sun to the earth, and this 
energy is made to do all kinds of useful work. It 
gives to the waters of our seas an energy of position, 
by converting them into vapour and raising them to 
the hill-tops. It supplies the vegetable world with 
the power of absorbing carbon from the air, and the 
carbon thus fixed in the plant is gradually converted 
into wood, which may be immediately employed as 
fuel, or may reappear as coal after having been 
buried in the earth for thousands of years. In 
either case the sun's energy, stored up in the fuel, is 
eventually set free to be converted into work. The 
vegetable products of the earth supply food to 
animals, and these again supply food to man ; and 
thus the energy of animal agents is ultimately deriv- 
able from the sun. Our scientific knowledge may 
be too limited to enable us, in all cases, to trace the 
course of energy through its various transmutations ; 
but every new observation that is made brings with 
it additional evidence tending to verify the law that 
energy is never lost. 
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EXERCISES. 

1. A bodj is just on the point of sliding on a longfa plana 

that lisea 3 in a length of 5 ; find the coefficient of 
friction. 

2. What is the tension in a string which, being stretched, is 

just able to more a body weighing 10 on. orer a rough 
horizontal plane, coefficient of friction being | ? 

3. A nmgh plane rises 3 in 10, and a body weighing 12 ocs. 

is just supported by friction ; find the foroe of friction. 

4. Find the work expended in polling a body weighing 3 

cwts. 100 yaids np an incline that rises 1 in 10, if the 
force of friction be 10 lbs. per cwt. 

5. A body weighing 12 oss. is partly supported on a rough 

inclined plane that rises 1 in 2 by the force of friction 
and partly by a force parallel to the plane ; if the plane 
be lowered so as to rise 2 in 5, the force of friction 
alone will support it ; find the additional force in the 
former case. 

6. A train wdghing 10 tons mores for 20 minutes at a 

uniform rate of 30 miles an hour ; if the friction, &c. 
be 10 lbs. per ton, how much work is done during the 
time? 

7. How much work is done per hour if 100 lbs. be raised 3 

ft. in 1 minute ? 

8. If a pit 10 ft. deep and with an area of 4 square it. be 

excavated, and the earth thrown up, how much work 
will have been done, supposing a cubic foot of earth to 
weigh 90 lbs.? 

9. A body weighing 40 lbs. is projected along a rough hori- 

zontal plane with a velocity of 150 ft. per sec. ; the 
coefficient of friction is | ; find the work done against 
friction in five seconds. 
10. What amount of energy is acquired by a body weighing 
30 lbs. that falls through the whole length of a rough 
inclined plane, the height of which is 30 ft., and the 
base 100 ft, the coefficient of friction being J? 
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EXAMINATION. 

1. Define a uoit of work. 

2. Giyen the weight and velocity of a moying body, find an 

expression for its kinetic energy. 

3. Distinguish between energy of motion and energy of 

position. 

4. What are the laws of friction ? How may the coefficient 

of friction for different substances be determined ? 

5. A body is projected up a rough inclined plane that rises 

7 to a base of 10 with a velocity of 200 ft. per sec. ; 
find its velocity when it returns to the point whence it 
was projected, the coefficient of friction being 0*3. 

6. A body weighing 60 lbs. is projected along a rough hori- 

zontal plane, on which coefficient of friction is 0*2, with 
a velocity of 40 yards per sec. ; what amount of work 
is expended when the body comes to rest, and what is 
the equivalent of heat generated ? 

7. A body whose weight is W is moving with a velocity F, 

and afterwards is found to move with a velocity u ; 
give an expression for the energy lost. 

8. Illustrate by the impact of bodies the law of the Con- 

servation of Energy. 

9. Whatistheoriginoftheenei^possessedby coal? When 

coal is consumed by a locomotive-engine, what becomes 
of its energy ? 

10. If g « 9*8 metres, find the equivalent of heat necessary 

to project 50 kilogrammes with a velocity of 490 metres 
per second. 

11. Force may be defined as 'any cause which tends to 

change a body's state of rest or of uniform motion in 
a straight line.' Mention any forces you know of, and 
show how this definition applies to them. What is 
inertia ? Is it a force? — MaetHcuLation, 1872. 

12. When a particle which is acted upon by any number of 

- forces moves during their action with uniform velocity 
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in a straight line, shov vhat condition the forces must 
fuHSL—Matrieulatum, 1872. 
13. Howis the energy of a moring body eetimated? Through 
what distance must a force eqnal to the weight of J 1^* 
act npon a mass of 48*3 lbs. in order U> increase the 
velocity from 24 ft. to 36 ft per second? — ^eiim. 
SeiaU. Exam^ 1869. 
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CHAPTER VI. 

MACHINES. 

XIII. General Remarks — Application of the Law of 

Energy. 

§ 82. A machine is an instrument by means of which 
a force applied at one point is able to exert, at some 
other point, a force differing in direction and intensity. 
The force applied is called the power ^ the force 
exerted, or efiectual resistance overcome, is called the 
weight » The resistance to be overcome may be the 
earth's attraction, as in raising a weight ; the mole- 
cular attractions between the particles of a body, as 
m stamping metal, or dividing wood ; or friction, as 
in drawing a heavy body along a rough road. 

§ 83. Besides the weighty or effectual resistance, 
the power is employed in overcoming the internal 
resistances, chiefly due to friction, which always 
exist between the different parts of a machine. The 
power may be ju^t sufficient to overcome these two 
kinds of resistance ; it may be in excess of what is 
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necessary, or it may be too small. If just sufficient, 
the machine once in motion will remain uniformly 
so, or if it be at rest i4 will be on the point of 
moving, and the power, weight, and friction will be 
in equilibrium. If the power be in excess, the 
machine will be set in motion and will continue to 
move with an accelerated motion ; if the power be 
too small, it will not be able to move the machine ; 
and if the machine be already in motion, it will 
gradually come to rest. When the power is just 
sufficient to overcome the weight, the ratio of the 
Weight to the power is called the modulus of the 
machine. In this case it is evident, from the law of 
Conservation of Energy, that the work done by the 
power has its equivalent in the work done against 
the resistance to be overcome and against the friction 
between the parts. This is the general law of 
machines in equilibrium or in uniform motion, and 
may be formulated thus : — Let P be the power em- 
ployed, j9 the distance through which it moves in a 
given time in its own direction, W the external 
resistance overcome, and w the distance through 
which it is moved in the same time ; let F be the 
force of friction and other internal resistances, / the 
space through which these act ; then work done by 
P equals work done against W and F^ 

or Pp = Ww + Ff. 

This law show3 us that whilst P can be made as 
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fimall as we please by taking p great enough, the 
mechanical advantage of diminishing P is restricted 
by the fact that y* increases with p; and consequently 
with the decrease of P there is a corresponding 
increase of the work to be done against friction. 
Hence, if friction be neglected, there is no practical 
limit to the ratio of P to W; but if the friction 
between the parts be considered, the advantage of 
decreasing P has a limit, since ii P p remains the 
same, Ww must decrease as J'^/ increases; in other 
words, the work done against friction increases with 
the complexity of the machinery. 

§ 84. In the application of this principle to those 

simple machines generally known as the Mechanical 

PowerSy we shall not take into consideration the 

resistance due to friction, but shall suppose F =i 0, 

in which case the law of the machine becomes 

W p 
P p =s, Wwy OT -— = i-. This equation shows that 

P w 

the ratio of the weight to the power is equal to the 
ratio between the distance through which the power 
moves, and the distance through which the weight is 
moved, in the same time. Or, if we take equal 
distances and uniform motion, we see that what is 
gained in power is lost in time. When W is greater 
than P the machine is said to work at a mechanical 
advantage, when less at a disadvantage; and the 

ratio -^ when greater than unity, is called the me- 
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chanical advantage of the machine. Machines are 
frequently employed for enabling a large power to 
move a smaller weight through a greater space than 
the power itself moves. With respect to the force 
applied, such machines work at a mechanical dis- 
advantage ; but, with respect to the space traversed, 
they work at an advantage. The advantage or dis- 
advantage of a machine depends, therefore, on the 
object to be gained. The steam-engine and the 
watch are both machines in which the power ex- 
pended exceeds the resistance to be overcome, but 
the equation of work holds good. 

§ 85. Simple Machines. — The simple machines, 
sometimes called the Mechanical Powers^ may be con- 
sidered under three heads, according as they involve : 

I. A solid body moveable about a fixed point.j 

11. A flexible string. 

III. A hard inclined surface. 

Under the first head are comprised (1) the lever and 
(2) the wheel and axle ; under the second head (3), 
the various kinds of pulleys ; under the third head 
(4), the inclined plane (5), the wedge, and (6) the 
screw. 

XIV. Lever — Wheel and Axle* 

§ 8G. The Lever. — A rigid rod turning on a fixed 
point is called a lever. The fixed point is called the 
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fulcrum, and those parts of the rod on either side 
of the fulcrum are called the arms. 

Let -4 ^ be a lever turning freely about C, the 
fulcrum, and let P be the force applied at A, and W 
the force exerted, or resistance overcome, or weight 




raised at B. Suppose the lever turned through the 
angle A C A'y then the work done by F equals 
P X arc A A', and work done by W equals 
W X BTcBB^y if P and W act perpendicularly to 
the arm. Therefore, by the law of energy, 
PxAA'==WxBB' 

2ind^nce'^,=-^weh^YePxAC=-WxBC, 

or P X its arm = TF X its arm. 

This is the general principle of the lever, when 
the bar is a straight rod and the forces are perpen- 
dicular to it. 

§ 87. Three kinds of Levers. — ^Levers are of 
three kinds, according to the position of the fulcrum 
with respect to the power and the weight. 

Where the fulcrum is in the middle the lever is 
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of the first kind ; where the weight is in the middle, 
the lever is of the second kind ; where the power is 
in the middle, the lever is of the third kind. 

In each of these three kinds 

W AC 
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P BCf 






In I. there is 


a mechanical advantage or disad- 


vantage, 3& ACh 


\ greater or less than B C. 
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In II. J. C is necessarily greater than B Cy and 
there is always a mechanical advantage. 

In III. A C ia necessarily less than B (7, and there 
is always a mechanical disadvantage. 

Besides the forces P and W, there is the reaction 
of the fixed point or fldcnmi to be considered, which 
is equal to the pressure of the fulcrum on the bar. 

In I. the reaction or pressure is equal to P -f W. 
In II. „ „ „ W-F. 

In IIL « .. . . P-W. 
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By means of a lerer two forces, bowerer itoequal, 
may be made to balaoce eacli other, by eo adjusting 
the position of the fulcrum that its perpendicular 
diatances from the direclionB of the forces shall have 
the inverse ratio of the forces. 



§ 88. Examples of Levers. — The crowbar, fig. 
24, is a good e^iample of a lever of the first Idnd. 




In figs. 25 and 26 we have examplee of the second 
and tliird orders of lever. The wheelbarrow is .1 
lever of the aecond kind, in which the fulcrum ocis 



ft 



^ 



at the axle of the wheel and the power is applied at 
the handle. A rowing-boat is propelled by a lever 
of the second kind, in which the fulcrum is at th^ point 
where the oar eiiters the water, whilst the weight is 
the reaiatance of the boat fixed to the oar at the row- 
locks. The treddle of a tnining-lathe ie an example 
of a lever of the third kind. The best examples of 
this order of levers are seen in the animal frame ia 
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which readiness of action is obtained at a loss of 
power. 

§ 89. Weight of the Lever.— If the weight of 
the lever be taken into account, we have an additional 
force t() consider, which may assist the action of the 
power or give the power more work to do, according 
as it acts on the same side of the fiilcrum as the 
power or not. If (7 be the position of the centre of 
gravity of the lever (fig. 22) and w the weight of 
the lever acting at this point, then th^ equation 
of work becomes 

or P X A C= W X B C + w X G C, according to 
the position of G with respect to C. 

§ 90. Examples.— (1) A lever is 3 ft. long, and 
its weight is 1 lb., and acts at the middle point. The 
resistance to be overcome at one end is 20 lbs., and 
the force applied at the other end is 3 lbs. ; find the 
position of the fulcrum. 

Let OS-he the distance of the fulcrum from A where 
P acts (fig. *22.) ; then 3 — ,a? is the distance of the 

3 

fiilcrum from B where W acts, and - is the distance 

of the fulcrum from G where w acts. 

.\P + x xw xl=Wx (3 "X) 
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.-. 3 a; + I = 20 (3 - a?) = 60 - 20 a? 

25 

,% 0? = 2 j^ ft = the distance of fulcrum from A. 

(2) Wbat force must be applied at the end of a 
lever 20 inches long to raise a weight of SO lbs. 
slung at a point 5 inches from the other end, if the 
weight of the lever is 4 lbs. and acts at its middle 
point? 

Here PxA(7=4x (7(? + 30 x CB 
or 20 P = 4 X 10 + 80 X 5 

/. P = 9i lbs. 

The various kinds of balances are examples of 
levers; but these will be treated later on, under 
the head of Moments^ when the principle of levers 
will be further considered. 



EXERCISES. 

w 

1. A lever is 18 ins. long; where must the fulcrum be 

placed in order that a weight of 6 lbs. at one end may 
balance double its weight at the other end ? 

2. What force must be applied at one end of a lever 12 ins. 

long to raise a weight of 30 lbs. hanging 4- ins. from 
the fulcrum which is at the other end, and what is the 
pressure on the fulcrum ? 

3. Two weights of 6 lbs. and 8 lbs. are hung from the ends 

of a lever 7 ft. long ; where must the fulcrum be placed 
so that they may balance ? 

4. A weight of 10 ozs. at the end of a lever is raised by a 

force which is just greater than 36 ozs., and which 



i 



1 34 DYNAMICS — FORCE. 

acts 6 ins. from the fulcrum; what is the length of 
the lever and the pressure on the fulcrum ? 

5. A lever weighs 3 ozs., and its weight acts at its middle 

point ; the ratio of its arms is 1 : 3. If a weight of 
48 ozs. be hung from the end of the shorter arm, 
what weight must be suspended from the other end to 
prevent motion ? 

6. A lever 10 ins. long, the weight*of which is 4 ozs., and 

acts at its middle point, balances about a certain point 
when a weight of 6 ozs. is hung from one end ; find- 
the point. 

7. A heavy lever weighing 8 ozs. balances at a xx)int 3 ins. 

from one end and 9 ins. from the otJier. Will it 
continue to balance about that point if equal weights 
be suspended from the extremities ? 

8. A beam the length of which is 12 ft. balances at a 

point 2 ft. from one end ; but if a weight of 100 lbs. 
be hung from the other end, it balances at a point 2 ft. 
from that end ; find the weight of the beam. 

9. A beam the length of which is 8 ft balances at a point 

2 ft. from one end. If to this end a weight of 40 lbs. 
be hung, find the least force applied at the other end 
that will support this weight? 
10. A heavy beam 16 ft. long, and weighing 4 lbs., balances 
by itself about a point 4 ft. from one end.' If a we'ght 
of 10 lbs. be hung 2 ft. from this end, find the weight 
that must be hung from the other extremity that the 
beam may balance about its middle point. 



§ 91. Wheel and Axle.— The wheel and axle 
is a modification of the lever. It consists of two 
cylinders having a common axis, the larger of which 
is called the wheel and the smaller the axle. The 
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axis common to both is horizontal. A weight W 
hangs at the end of a string fastened to the axle and 
is coiled round it by the revolution of the wheel. The 

Fia< 27. 




wheel may be moved by the hand or by a string with 
a weight attached to it. 

Viewed in section we have the power P acting 
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at the end of the radius of the large wheel at A^ and 
the weight W at the end of the radius of the smaller 
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wheel or axle. As P descends TFaacends; and if 
the wheel move through an arc A A\ so that A* 
comes to ^, ^ will in the same time reach B* Then 
the work done by P is P x A A'y and the work done 
hy W'v& W X B B .\ P X A A' :=z W X B B, 
where P is just sufficient to orercome TF, 

W _AA' _AC 
P BB BC 



or 



• 'TF'__ radius of wheel __ circumference of wheel 
P radius of axle circumference of axle * 

§ 92. Examples of the wheel and axle are verj 
nimierous. One of the commonest is the windlass, 
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in which power is applied at the end of a handle. 
In the capstan (fig. 80.) the axle is vertical, and the 
mechanical advantage is increased by the length of the 
pole inserted into the circumference. The various kinds 
of mills ar^ examples of this machine, the weight 
appearing in the form of a resistance to be overcome. 
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§ 93. Toothed Wheels.— Wheels having teeth 
that fit into one another do the work of levers acting 
continuously. The mechanical principle of these 
wheels is the same as that of the lever or wheel and 
axle. 

A very simple case is what is known as the rack 
and pinion. It consists of a small wheel, with C'gs 

Fig. 21. 




as teeth, that is made to work into a vertical bar 
likewise filled with teeth. In this way motion round 
an axis is converted into motion in a straight line. 
The piston of a double-barrelled air-pump is worked 
by such a contrivance. 
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EXERCISES. 

1 . What is the diameter of a wheel if a power of 3 ozs. is 

just able to move a weight 12 ozs. that hangs from 
the axle, the radius of the axle being 2 ins. ? 

2. What is the mechanical advantage of a wheel and axle 

in which the diameter of the axle is 3 ins., and the 
radius of the wheel 12 ins. ? 

3. Is the mechanical advantage of wheel and axle increased 

or diminished by lessening the radii of wheel and 
axle by the same amount ? 

4. If a weight of 20 ozs. be supported on wheel and axle by 

a force of 4 ozs., and the radius of the axle is J in., 
find radius of wheeL 

5. A capstan is worked by a man pushing at the end of a 

pole. He exerts a force of 50 lbs., and walks 10 &. 
round for every 2 ft. of rope pulled in. What is the 
resistance overcome ? 

6. A man whose weight is 140 lbs. is just able to support 

a weight that hangs over an axle of 6 ins. radius^ by 
hanging to the rope that passes over the corresponding 
wheel, the diameter of which is 4 ft. ; find the weight 
supported. 

7. If the radii of wheel and axle be as 10 is to 4, and 

weights of 3 ozs. and 8 ozs. hang from them, which 
will descend ? 

8. If the difference between the diameter of a wheel and 

the diameter of the axle be six times the radius of the 
axle, find the greatest weight that can be sustained 
by a force of 60 lbs. 

9. If the radius of the wheel be n times as great as that of 

the axle, and t be the mi^ximum tension of the string 
on the wheel, find the greatest weight that can be 
raised. 
10. If the radius of the wheel is three times that of the axle, 
and the string can support a weight of 40 lbs. only, 
find the greatest weight that can be lifted. 
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^"■amework called the block. When the axis •. 

but where it can ancend or descend it is called a 
tnov table pulley. 

§ !)5. Fixed Pulley. — The fixed pulley can only 
change the direction of a force. Wherever it is re- 
(juired to change a pushing into a pulling force the 
fixed pulley can be advantageously employed. It 
-workS) however, without any mechanical advantage. 
The mechanical pinciple involved in all calculations 
-wjth respect to the pulley is the conatancy o£ the 
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force of teDBion in all parts of the same string (§ 60). 
It should be observed that in the pulley, as in all the 
mechanical powers, advantage is taken of the forces 
that are latent in the molecular structure of beams, 
cords, &c. Thus, the pulley requires to be attached 
to a beam, and this beam must be strong enough to 
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support the force exerted by the weight and the 
power employed to raise it. In the pulley the string 
is supposed to be perfectly flexible, and the friction 
is neglected. 

§ 96. T!he Single Moveable Pulley. — A cord is 
fixed to a beam at A and passes over the moveable 
pulley B D, The other end of the cord may be at 
once supported, or may pass over a fixed pulley C, 
and bear the weight P. Now, if the machine be in 
motion it is clear that for every inch W rises F will 



descend two inches, and conaequentljr the equation 

of work giveH nsIF=2PDrP = 5r, The eame 

i-«sult may be arrived at by auppoaing the machine 
at rest and P supporting W. In this case, since the 



Aicflh 



t«DsioD in the Rame string ia always the same, tmd 

the weight W is supported by the two Btringa A B, 
D C, in each of which the tension is P, we have 
W = 2Por^=2. 

The mechanical advant^e with a single move- 
able pulley equals 2. 

The single moveable pulley may be used with 
other combinations. Thus, if A and B (fig. 35) be 
two fixed pulleys separated by an interval eqmd to the 
diameter of either, and if C be a pulley of twice the 
diameter of A or B, and if one end of th" cord be 
fixed to C whilst the other, after passing over the three 
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pulleys, supports a weight W, then, whether the 
machine be in uniform motion or at rest, W=3P, 

Fig. 35. 



I 
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If a man be suspended from a moveable pulley 
and support himself by holding on to the other end 

Fig. 36. 

HZ 
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of the string, his real weight is diminished by the 
force with which he pulls, so that if W be his actual 
weight, his pressure on the pulley to which he is 
attached is TF' — P, and since this weight is divided 
between the two strings supporting the weight, 
Tr-P = 2PorTF=^3P. That is, he pulls with 
a force equal to one-third of his weight. 

§ 97. Combinations. First system, in which 
each Fnlley hangs by a separate string. — Each 
string has one end attached to a fixed point in the 

Fig. 37. 
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beam, and all, except the first, have the other end 
attached to a moveable pulley. The diagram explains 
the arrangement. 

It is clear that if the lowest pulley to which W 
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is attached ascend 1 inch, the next pulley ri^es 2 
inches, the next 4 inches, and P descends 8 inches. 
Thus, with three moveable pulleys the equation of 
work gives us W=z SP = 2^P. If there be n 

moveable pulleys 17= 2"P or — = 2^*. 

Applying the principle of tension, we see that 
the tension in the first string is P throughout, in the 
string immediately beneath this it is 2 P through- 
out, in the next 4 P, and the double tension of 4 P 
supports W. In other words, PF= 8P. 

The pressure on the beam in this case is W + P 
=: 9 P, and if the cord when it leaves the highest 
pulley be at once supported by P without passing 
over a fixed pulley, we see that the weight W is 
jointly supported by the beam and the power ; and 
the more the strength of the beam is utilised the less 
is the magnitude of P. 

§ 98. We will now consider what alterations 
must be made if the weights of the moveable pulleys 
be taken into account. 

Let Wi be the weight of the lowest pulley. 
Let W2 „ „ next „ and 

BO on. 

Then W -{- Wi is the weight supported by the 
lowest cord, and the tension in each part of it is 

— ' Similarly the tension in each part of the 



MACHINES. . 145 

cord immediately above it is - [ ^^ + w^) 

= -J- + — i + -^, The tension in each part of the 
4 4 2 

string above that is 

1 fW ^ . w?2^ , ^3 _ TT uj;i 1^2 tv^ 
2'U 4 ^Yj^ 2""T^8^4"*"y' 

Now, the last tension equals P. If* therefore we have 
three moveable pulleys, the weights of which are 

«?„ M?2, t^3» 

23 "^ 2* 22 2 * 

Example. — With three moveable pulleys, ar- 
ranged as above, each of which weighs 8 ozs., what 
weight can be supported by a force of 1 lb.? 

Here i> = ^ + ^ + j + ^ = ^ + 7 

/. 16ozs. = r— - + tVzs. 
/. Pr=72ozs. 

§ 99. Second System, in which the same string 
passes ronnd all the Pulleys.— Suppose there are 
three pulleys in each block, then it is clear that if W 
ascend 1 inch, P descends 6 inches, or TF" = 6 P. 
Since the tension is the same in every part of the 

L 



146 DYNAMICS — FORCE. 

string, and ia everywhere equal to /', and since wo. 
have six strings supporting W, it is clear, supposing 
all the strings to be parallel, that W '=SP. 

If we hare n pulleys in both blocks and lO is the 
wei^t of the lower block, W +w = nF. The 

Fk 8B Fio. 30. 





pressure on the beam is W+ P + weights of both 
blocks. This sjatem is moat commonly employed 
on account of its superior portability. The several 
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pulleys are generally mounted on a common axis and 
enclosed in a single block, as shown in fig. 39. 

§ 100. Third System, in which each string is 
attached to the weight. — In this system one end of 
each string is attached to the bar from which the 

Fio. 40. 
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weight hangs, and the other supports a pulley. The 
power F acts at the unattached end of the string A D, 
The weight W is supported by the tensions in the 
three strings A D^ B E^ and C F. 

L 2 
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These tensions are respectively equal to P, 2 jP, 
and4P.*. W^=P + 2P + 4P = 7P. If there 

be n pulleys 

Tr=P + 2P + 2«P + 2»P + ••-. +2»-> J^, 

the sum of which series is shown, in books on algebi a, 

W 
to be equal to (2» - 1) P, /. ^ = 2» - 1. 

If the weights of the pulleys be considered, we have 
tension in the string A D ^ P 

„ „ BE=^2F-hw, 

„ „ Ci^ = 4P + 2M;, + tr2 

and the sum of all these tensions equals W 

.\ TF=7P + 3m;i + w^. 

In this system the weights of the moveable pulleys 
assist P ; in the two former systems they act against 
it. 



EXERCISES. 

1. A man weighing 140 lbs. forces up a weight of 80 lbs. 

by means of a fixed pulley under which he stands; 
find his pressure on t^e floor. 

2. Eind the power which will support a weight of 600 lbs., 

with three moveable pulleys arranged as in the first 
system. 

3. What force is necessary to raise a weight of 120 lbs. by 

an arrangement of six pulleys in which the same string 
passes round each pulley ? 

4. If, in the preceding problem, the weight of ithe block be 

6 lbs., what additional force will be required ? 
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5. Find the mechanical advantage of a system of three 



Fig. 41. 




moveable pulleys arranged as in the annexed diagram. 

6. If three moveable pulleys, the weights of which are 2 ozs., 

4 ozs., and 8 ozs., be arranged as in the first system, 
what is the least force that will raise a weight of 
104 lbs. ? 

7. If there be equilibrium between P and W with three 

pulleys in that system in which each string is attached 
to the weighty what additional weight can be raised if 
2 lbs. be added top? 

8. A man weighing 160 lbs. raises a weight of 4 cwt. by a 

system of four moveable pulleys arranged according to 
the first system ; what is his pressure on the ground ? 

9. What would be the difference in his pressure if each 

pulley weighed 4 ozs. ? 
10. Find the power necessary to sustain a weight of J 00 lbs. 
with three moveable pulleys arranged according to the 
third system, the weights of the pulleys being 8 ozs., 
6 ozs., and 4 ozs. respectively. 
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XVI. The Inclined Plane — Wedge — Screw. 

§ 101. By means of an inclined plane, a body 
can be raised to a certain height by the application 
of a power less than the weight of the body. All 
roads that are not level may be regarded as inclined 
planes. 

If ^ ^ C be an inclined plane, then il ^ is called 
the length of the plane, B C the hose of the plane, 
and A C the height of the plane. 

§ 102. Uniform motion on an Inclined Plane 
by application of a force parallel to the Plane. — 

This case has already been partly considered. If a 

Fig. 42. 




body the weight of which is W move from B to A 
by the continued action of a force P, then the work 
done hj P is P X A Bj and the work done by W 
against gravity, i.e. in the direction A CyisW x AC, 
since W has been raised through A C ; 

.\P X AB=:WxAC,oT^ = l. 

P h 
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§ 103. TTniforni motion on Inclined Plane by 



Fio. 43. 




application of horizontal or pnshing force. — If the 
force P act in the direction B C, the work done by 
P is P X J5 (7, 



/. P X -B C= IT X ^ C, or ~ 



W BC 



AG 



h 
h 



If a weight W be juat supported by two forces 
one of which P is parallel to the length and the other 
Q acts in a direction parallel to the base of the plane, 

then since P alone can support a weight equal to ^ P; 

h 

•L 

and Q alone a weight equal to - Q ; if TF be the 

h 

weight supported by both, 

h n 

TFA = P Z + Q 5. 



or 



§ 104. Example. — Two inclined planes of dif- 
ferent lengths, but having a common, height, are 
placed back to back, and two weights P and Q, con- 



152 DYNAMICS — sFORCB. 

nected by a string that passes over a pulley at their 
summit, are moving uniformly on them ; if I and I' 
be the lengths of the planes find the ratio of P to Q. 

If the weights are moving uniformly, it is clear 
that the tension in the string must equal the force 
just sufficient to support either. Call T the tension 

of the string, then T = ^P = tQ 

or P : Q :. I : V, 



The Wedge. 

§ 105. The Wedge is a double inclined plane, 
moveable instead of fixed, as in the cases considered, 
and used for separating bodies. The force is applied 
in a direction perpendicular to the height of the 
plane, ue. parallel to the base, and the resistance to 
be overcome consists of the molecular attractions of 
the particles of the body which are being separated. 
This resistance acts in a direction at right angles to 
the inclined surface of the wedge, or length of the 
plane. The line A B i& called the back of the 
wedge. 

Suppose the wedge has been driven into the 
material a distance equal to J> C by a force P acting 
in the direction DG, then it is clear that the work 
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done by P 18 i" x DC. Draw DE,DF perpen- 
dicTiInr to A C, B C. Then, ance the pointt E and 
F were originally togetber, the work done agsinst 
the resistance fl is -fi x DE + S X DF= 2 R x 
D E. Hence the eqoation of work gives 

DC 

■ 2DE' 



<.DC=Rx2DE.' 



But 



DC _AC 
"DE AD 



by Bimilarity of triangles 



_AC _A C_ length of one of the equal sides 
•2AD A B ~^~ back of the wedge 




This ebowa that as the size of the back of the 
wedge is lessened the mechanical advantage of the 
wedge is increased. Knives, choppers, chisels and 
many other implements are examples of the wedge. 

§ 106. In the action of the wedge a great part 
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of the energy of the power is employed in deaving 
the material into which it is driven. The force 
required to effect this is so great that instead of ap- 
plying a continuous pushing force perpendicular to 
the back, a series of blows is generally imparted to 
it. In this way a large amount of energy is directed 
for an indefinitely short period of time against the 
molecular attractions of the body. When the resist- 
ance to be overcome is very great a series of impul- 
aive forces is more effectual than a continuous 
movlDg force. A certain amount of energy is stored 
up in a descending hammer which is at once set free 
when the blow is given. 

The Screw, 

§ 107. The Screw is a machine which is some- 
times employed to overcome resistance and sometimes 
to multiply pressure. It consists of a cylinder with 
a uniform projecting thread traced round its surfece 
and inclined at a constant angle to lines parallel to 
the axis of the cylinder. The thread of the screw 
may be formed by wrapping an inclined plane round 
the cylinder, the base of the plane corresponding 
with the circumference of the cylinder, and the height 
of the plane with the distance between the thread. The 
threads are of different shapes : they may be square 
or triangular. The power is usually transmitted by 
connecting the screw with a concave cylinder, called 
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the nut, having a spiral cavity on its surface, corre* 
spending to the spiral projections. 



Fig. 46. 






The power is almost always applied at the end 
of a lever fixed to the centre of the cylinder ; but 



Fig. 46. 




we may suppose it to act at the surface of the cylinder 
and in the direction of the tangent at any point. It 
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is evident that a screw never requires any pressure 
in the direction of its axis. The cylinder must be 
made to revolve only ; and this can be effected by a 
force acting at right angles to the extremities of 
its diameter, or of its diameter produced. 

If the power P acts at A at right angles to il jB, 
and the cylinder perform one revolution, the power 

Fig. 47. 




P will have acted through a distance equal to the 
circumference of the circle, of which A Bi& the dia- 
meter ; and the work done by P will be P X circum- 
ference of circle described by AB, During the 
same time, the screw will have moved in the direction 
of its axis through a distance equal to the distance 
between two threads of the screw, and this is the 
direction in which the resistance is encountered. 
Hence the work done against the resistance W is 
W X distance between the threads. 

If C be the circiunference described by the 
extremity of P^a arm and d be the distance between 
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two adjoining threads, and if P and TFbe respectively 
the force applied and the pressure produced, 

P a 



EXERCISES. 

1. What weight can be supported on a plane by a horizontal 

force of 10 ozs., if the ratio of height to the base is | ? 

2. With a force of 3 ozs. acting parallel to the plane, what 

weight can be supported on a plane that rises 2 in 7 ? 

3. A plane rises 3 in 8 ; what force parallel to it is required 

just to move a weight of 10 ozs. ? 

A plane rises 2 in 7 ; what force parallel to it is required 
Just to move a weight of 12 ozs. ? 

A plane rises 5 in 9 ; what force parallel to it is required 
just to move a weight of 16 ozs. ? 

A plane rises 1} in 12^ ; what force parallel to it is re- 
quired just to move a weight of 20 ozs. ? 

4. Find the inclination of the plane if a horizontal force of 

5 ozs. can just move a weight of 12 ozs. 
6. The inclination of a plane is 30°, and a weight of 10 ozs. 
is supported on it by a string bearing a weight at its 
extremity, which passes over a smooth pulley at its 
summit ; find the tension in the string. 

6. Find the horizontal force necessary td support a weight 

of 1 lb. on a plane that rises 3 in 5. 

7. The angle of a plane is 46° ; what weight can be supported 

by a horizontal force of 3 ozs. and a force of 4 ozs. 
parallel to the plane, both acting together? 

8. Two planes, having the same height, are placed back to 

back, and two weights of 7 ozs. and 10 ozs. connected 
by a string passing over the summit move uniformly 
upon them ; find the ratio of the lengths of the planes. 

9. A body weighing 7 ozs. is supported on a plane that 
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rises 1 in 7 by a force that acts parallel to the plane ; if 
S ozs. be added to the weight, what force will be re- 
quired to support it? 

10. A heavy body is just able to be pulled up a plane by 
a force parallel to it and equal to | of the weight of 
the body ; find the ratio of the height to the base of 
the plane. 

41. Two weights hang over a pulley fixed to the summit of 
a smooth inclined plane, on which one weight is sup- 
ported, and for every 3 ins. that the one is made to 
descend the other rises 2 ins. ; find the ratio of the 
weights and the length of the plane, the height being 
18 ins. 

12. In a screw which has seven threads to the inch, find the 

pressure that can be produced by a force of 6 lbs. 
applied at the circumference, the radius of the cylinder 
being 1 in. 

13. If the circumference of a screw be 10 ins., what force 

must be applied to overcome a resistance of 30 lbs., 
the distance between the threads being ^ in. ? 

14. How many turns must be given to a screw formed upon 

a cylinder whose length is 10 ins., and circumference 
5 ins., that a power of 2 ozs. may overcome a pressure 
of 100 ozs.? 

15. A screw is made to revolve by a force of 2 lbs. applied 

at the end of a lever 3*6 ft. long; if the distance 
between the threads be J in., what pressure can be 
produced ? 

16. If a power of 1 lb. describe a revolution of 3 ft. whilst 

the screw moves through J in., what pressure will be 
. produced? 

17. The circumference described by the power is 4 ft., and 

the distance between the threads is J in. ; what power 
is required to produce a pressure of 1 ton ? 
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EXAMINATION. 

1. What is the function of a machine? What is meant by 

the modvlus of a machine ? 

2. Apply the law of energy to the work done by a machine 

against the resistance and against friction. 

3. Give instances of the three kinds of levers. Can the 

first order be worked at a mechanical disadvantage ? 

4. Friction has been said to be ' not the destroyer but the 

converter of energy.' Explain this statement. 

5. Explain the action of a wedge. Give examples of its 

use. 

6. In the wheel and axle is there any advantage in having 

the rope that passes round the wheel thicker than that 
which passes round the axle ? 

7. The radius of the wheel being three times that of the 

axle, and the string on the wheel being only strong 
enough to support a tension equivalent to 30 lbs., find 
the greatest weight which can be lifted. 

8. If a weight W be supported on an inclined plane by a 

W 
force - parallel to the plane, what is the inclination 

of the plane ? 

9. The ratio of the height of a plane to its length is 2 : 15 ; 

what horizontal force is necessary to support a weight 
of 10 lbs.? 

10. The inclination of a plane is 30^ ; a weight of 80 lbs. 

being placed upon it, a force of 63 lbs. is required to 
pull the weight up the plane ; what is the coefficient 
of friction ? 

11. Two inclined planes, of the same height, one of which 

is 8 ft. long, and the other 5 ft., are placed so as to 
slope in opposite directions and so that their summits 
coincide. A weight of 20 ozs. rests on the shorter 
plane, and is connected by a string passing over a 
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pulley at the common summit of the two planes with 
a weight Testing npon the longer plane; how great 
mnst this weight be to prevent motion ? 
12. Find the relation between P and Win a system of pulleys 
arranged as in the annexed diagram, supposing the 



Fig. 48. 
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weight of each of the moveable pulleys to be w. 

13. Neglecting the weights of the pulleys, what pressure 

would a man, whose weight is 160 lbs., exert on the 
ground in raising a weight of 500 lbs. by means of the 
above combination ? 

14. Describe the screw and point out its relation to the 

inclined plane. 

15. What is the mechanical advantage of a screw? — Matri- 

culation, 1869. 

16. In a system of one fixed, and four moveable pulleys, in 

which one end of each string is fixed to a beam, find 
the relation between the p'twer and the weight (neglect- 
ing the weights of the pulleys), when one of the strings 
is nailed to the pulley round which it passes. 
What is the force exerted on the beam to which the 
strings are attached? — lb., 1869. 
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17. Find the relation between the power and the weight in 

the third system of pulleys (in which each thing is 
attached to the weight), when the weights of the 
pnlleys are disregarded. Also show what the relation 
would be if the weights of the pulleys were taken into 
account. — Matriculation, Jan. 1871* 

18. A wheel-and-axle is used to ^ise a bucket from a well. 

The radius of the wheel is 15 ins., and while it makes 
seven resolutions, the bucket, which weighs 30 lbs., 
rises 5^ ft Show what is the smallest force that can 
be employed to turn the wheeL Upon what general 
principle is your answer founded ? — lb,, Jan. 1872. 

19. Ten weights, each of 20 lbs., are to be lifted to a height 

of 8 ft. from the ground. Show how a system of 
pulleys might be arranged so that^ disregarding fric- 
tion and the weight of the pulleys, all the weights 
could be lifted together by exerting a force equal to 
one of them. Show that the distance through which 
this force would have to act would be the same as 
when the weights were raised one by one by the same 
power. — Jh., Jan. 1873. 

20. A man sitting upon a board suspended from a single 

moveable pulley pulls downwards at one end of a rope 
which passes under the moveable pulley and over a 
pulley fixed to a beam overhead, the other end of the 
rope being fixed to the same beam. What is the 
smallest proportion of his whole weight with which 
the man must pull in order to raise himself ?.—iVeZtm. 
Scieniific M.B, Exam,, 1869. 

21. With what force would he require to pull upwards, if the 

rope, before coming to his hand, passed under a pulley 
fixed to the ground, as well as round the other two 
pulleys ?— 75., 1869. 

22. In the third system of pulleys, in which each string is 

attached to the weight, each pulley weighs 3^ ozs. 

Find the weight which will be supported by the pulleys 

alone, when there are five moveable pulleys.— 76., 1872. 

M 
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23. In the thixd system of palleys, in which each string is 

attached to the weight, show that the power mnltiplied 
by its descent equals the weight multiplied by its 
ascent^ neglecting the weights of the pulleys and all 
friction. — Prelim. Scient, Exam., 1873. 

24. Suppose that we have four weightless pulleys^ three 

moTeable and one fixed, forming an example of the 
first system, and that the weight is a man weighing 
160 lbs., find what pull the man must exert on the 
power end of the rope in order to raise himself there- 
by.— i5., 1874. 
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CHAPTER VII. 

THEORY OF BQUILIBBIUM. 

XVII. General Considerations — Forces in the 
same Straight Line. 

§ 108. Problem of Statics.— The problem of 
statics is to determine the conditions under which seve- 
ral forces acting on a body produce equilibrium. To 
solve this problem, it is often convenient to find the 
single force, if one exists, that will produce the same 
effect as the other forces taken together. This 
single force, which can replace several other forcei<, 
is called the resultant^ and the forces themselves are 
called components. The resultant being determined, 
the problem of statics is solved when the force is 
found which will keep this resultant in equilibrium. 
We shall be occupied, therefore, for some time in 
finding the resultant of forces acting in different 

directions. 

M 2 
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§ 109. Method of estimatiiig and representing 

Statical Forces. — Forces in statics are supposed to 
be prevented by some kind of resistance from pro- 
ducing motion. They are generally measured by 
the pressure they are capable of producing as reckoned 
in weight. The knowledge of a force implies the 
knowledge of (1) its point of application, (2) its direc- 
tion, (3) its magnitude. 

All these elements can be represented geometri- 
cally. A straight line can be drawn from any point 
and in any direction ; and if a unit of length repre- 
sent a unit of force, the number of units of length 
in the line will represent the number of omits of 
force. Or, two forces F and Q will be represented 
by two lines, -4 -Band (7 A when P: Qy.AB: CD. 
Care should be taken to distinguish the force A B 
from the force B A, since these two forces, though 
equal in magnitude, act in opposite directions. 

§ 110. Forces in the same Straight Line. — ^If 
two forces act upon a body it is clear that in order 
that they should produce no effect they must act (1) 
at the same point, (2) in opposite directions, and (3) 
they must be equal in magnitude. 

If instead of two we have several forces acting at 
a point and in the same straight line, it is evident, 
that for equilibrium the tendency to motion in o^e 
direction must be counterbalanced by the tendency 
to motion in the opposite direction, or the suni of the 
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forces in one direction must equal the sum of the 
forces in the opposite direction ; z.e. the algebraical 
sum of the forces must vanish. 

If Xi, Xj, X^..,he the several forces and 21 (JT) 
denote their algebraical sum, then the condition of 
equilibrium is S (X) = 0. 

§ 111. Forces in Equilibrium acting at a 

Point. — Since the resultant is that force which pro- 
duces the same effect as all the other forces taken 
together, it is evident that when the forces produce 
equilibrium their joint effect equals zero, or the 
resultant vanishes. The resultant being determined, 
the conditions of equilibrium are the conditions that 
must hold good in order that this residtant should 
become zero. The solution of the equation M = 0, 
when E is the numerioal value of the resultant, will 
always determine the conditions of equilibrium when 
several forces act at a point. 

If any number of forces acting at a point be in 
equilibrium, and one of them be removed, the resul- 
tant of all the rest is equal in magnitude, but oppo- 
site in direction to the removed force ; for, since the 
forces were originally in equilibrium, the removal of 
one force must destroy the equilibriimi, since all 
the other forces served to counteract the effect of 
this one. But the single force which will counteract 
the effect of another force is one equal in magnitude 
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and opposite in direction, and therefore a force equal 
in magnitude to iHe removed force, but opposite in 
direction, piodnces the same effect as all the remain- 
ing forces, or, the removed force reversed is the 
resultant of the rest. 

§ 112. It will be seen lihat when forces are in 
equilibrium motion may be produced either by the 
removal of one of the forces or the application of a 
new one. A balloon resting in mid-air will begin to ' 
rise if some ballast be thrown out, or to sink if gas 
be allowed to escape. A body in motion may be 
acted upon by one force only ; but to preserve a 
body in equilibrium two forces at least must co- 
operate. 

§ 113. The resultant of any number of forces 
should be carefully distinguished from the force that 
keeps them in equilibrium; for these two forces 
though equal in magnitude are opposite in direction. 

EXERCISES. 

1. A body rests on a perfectly smooth table, and to one end 

of it is tied a string which is stretched by weights of 
3 ozs., 5 ozs., and 7 ozs. ; and to the other end a string 
that is stretched by weights of 1 oz., 8 ozs., and 2 ozs, ; 
what additional weight is necessary to preserve equili- 
brium ? 

2. A string A D ia suspended at ^ ; at ^, a point in the 

same string, a weight of 3 ozs. is attached, at C7 a 
weight of 4 ozs., at 2> a weight of 5 ozs.; find- the 
tension in each part of the stn'ng. 
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8. If a fbrce of 13 lbs. be represented by a line of 6^ ins., 
what line would represent a force of 7^ lbs. ? 

4. The diagonal of an oblong is 5 ins., and one of its sides 
is 3 ins. Two forces acting in the same straight line 
are to one another as the sides of the oblong; what 
length of line wonld represent the force necessary to 
produce equilibrium ? 



XVIIL Composition of Forces acting at a Point, but 
not in the same Straight Line. 

§ 114. We willy first, consider the case of two 
forces acting at a point but not in the same straight 
line. 

It has been seen in Lesson XL that if Ay OB 
represent two velocities with which a body tends to 
move, then C, the diagonal of the parallelogram 
formed about A and B, represents the resultant 
velocity, and C is the point which the body would 
reach in the time occupied in passing firom to ^ or 
£rom to ^. What is true of velocities is true of 
the forces that would produce them, and if ^ and 
B represent two forces, C represents the force 
equivalent to both, and C the force that would 
keep them in equilibrium* This proposition, known 
as the Parallelogram of Forces, follows at once from 
Newton^s second law of motion, and may be enun- 
ciated thus : — 

If two forces acting at a point he represented in 
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moffnitude and direction hy the sides of a paraUeUh 
gram, the resultant of these two forces will he repre- 
sented in magnitude and direction hy the diagonal of 
the parallelogram passing through this point. 

§ 115. This proposition may be experimentallj 
verified by passing a fine thread over two smooth 
pulleys fixed to a wall, as in the. adjoining figure. 
From the ends of the string hang two weights P and 

Fig. 49. 




Qj and to some point in the string a third weight B 
is attached. When these weights are in equilibrium^ 
it will be foond that a parallelogram may be con- 
structed the sides and diagonal of which are pro- 
portional to the three weights. Thus, if P, Q and 
R be in equilibiium at 0, and C be taken to 
represent J?, and (7a, C76 be drawn parallel xx> OB, 
OA, then Oa, Oh, OC will represent P, Q, and R 
respectively. In other words, it will be found that 

Oa:oc::F: ^, and 06: oc::Q: R. 
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§ 116. Eesnltaat of several Forces acting at 
the same point in different directions. — ^Let P|j 
P^j P^j ax^d P4 be forces acting at a point O. 



LetOA 


represent 
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Then by the foregoing proposition the resultant 
of P, and Pj is a force represented by a ; and if 



Fig. 60. 



Ita 




this be combined with (7, the new force represented 
by O b, will be the resultant of P^ Pji *^<1 -^^3- ^V 
combining this resultant with P^, we obtain c the 

resultant of Pj, P2> -^3 ^^^ -^4 5 ^^^ i^ ^® ^^^ "^^7 
the resultant of any number offerees may be obtained. 

The above method shows how the resultant of 
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any nmnber of foices maj, theoreticallj, be obtained. 
In actual work, bo many mathematical difficnltiea 
arise that in most cases it will be fonnd convenient 
to employ another method, which will be presently 
considered. 

§ 1 17. Pormiila for fhe Resultant of two Forces 
aetingatapoint — ^Let OA^ OJS represent P and Q, 




two forces acting at 0. Complete the parallelogram 
O A B C, Then O C represents the resultant. 
From C draw CD perpendicular to J. or OA 
produced* Then, since A C equals OBy AC repre- 
sents Q. By Euclid IT. 12 and 13 : 

0C^ = 0A^ + AC^±20A.AD or 
J^:=I^+Q^±'2PxAD 

The upper sign + referring to fig. 11., and the 
lower sign — to fig. I. 

Thus R can be found in terms of P and Q, when- 
ever the value of AD can be expressed in terms of 
A C. This, we shall see, is in many cases possible 
without the aid of trigonometry. 
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§ 118. Special Cases of the General Formula. — 

(1) Let the two forces act at right angles. Then, 

mnce L J5 ^ is a right angle C* = -<1« + A C« 
i.t. ^« = P« + QS or ^ = ^/ (P« + Q«). 

(2) Let the angle J5 A be 30*». Then in fi%. 
51 XL, the angle C7^ D = 30*» and A Z> = ^ C"^ 

or5« = P«+ Q«+ vSi'Q- 

(3) Let the angle 5 ^ be 45**. Then the 
angle C AB :=z ^h"" wl^ AB ^ AC -^ 

or ^« = P«+ Q«+ v'2PQ. 

In the same way, by reference to fig. 51, 1. , the 
values of B'^ may be found when the angle B OA\a 
120°, 135^ or 150^ 

The foregoing results may be arranged and 
remembered in the following tbrm : — 

If the angle between the forces be 

30°, ^« = P« + Q2 + -v/3 . P Q 
if 45°, i?» == P« + Q« -f- ^2 . P Q 
„ 60°, B^^T^ Jt (^ ^ F Q 

„ 90°, B^ =:F^ + Q^ 
„ 120°, ^a = pa + Q2 _ pQ 

„ 135°, i2a = P»4-Q*-^.2PQ 
„ 150°, i?a = P« + Q« - VB.FQ. 

It will be seen that the several values of the 
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resultant lie between two extreme values when the 
angle BOA is 0^ and 180^ In these cases 
i2==P+QandP— Q respectively. Hence R^ 
is always between P* -^ Q* + ^/4 . P Q, and 
P* + Q* - V4:.PQ, 

§ 119. Examples. — (1) Single moveable pulley 
with cords inclined. In considering pulleys we 
omitted cases in which the cords are inclined. Let 
(7 be a single moveable pulley with cords inclined at 
any of the above-mentioned angles. Then it is clear 

Fig. 62. 




that the weight W is equal to the resultant of the 
tensions in the cords CA, CB, and these two tensions 
are equal to each other and to the power P. If the 
angle betw een the threads be 60°, 

W^=:P^ + P^ + Px P=zBP^ 

W - 

/. Wt= ^/3 . P or p = ^/H, 

In tl»e same way the ratio of TFto P may ba 
fcuod when the cords are inclined at other angles. 
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(2) Two equal forces »ct along C B, B A two 
sides of the equilateral triangle ABC; iind their 
resultant. The lines C Bj B A are inclined at an 
angle of 120*. 

/. ^* = P* + Q« - P Q, or if each of the forces 
equal P, 

^2 = P» + P« - P2, or i? = P. 

Hence, the resultant of two equal forces inclined 
at an angle of 120° is equal to either of them. 

The directions in which two or more forces act 
are often indicated by saying that the forces act along 
the sides of a figure the angles of which are known. 
Thus two forces acting along B C, BA act at an 
angle of 60°. 

§ 120. Besultant of three Forces acting at a 
point but not in the SBme plane. — Let OA, OB, 
C represent P,, Pj, P3 acting at O. Then the 

Fig. 63. 




resultant of Pj and P3 is represented by D, the 
diagonal of the parallelogram CD 4, and the 
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reenltant of this fi>rce and P^ is represented by E, 
the diagonal of the paraUelogram OBJBD, and of 
the porallelopiped of which the three lines OAyOB, 
0(7 are edges. 

If the three forces act at right angles to one 

another: 

i2» = Pi* + P,« + Pj^ 

§ 121. The Besnltant is always nearer to the 

greater force. — The line C7 is said to be nearer to 

Fia. 54. 




A than to JS, when the angle it makes with A 
is less than the angle it makes with B, Let A 
and B represent two forces P and Q, of which 
P is the greater. Complete the parallelogram O A 
CB. Then OA =iBC; and since B G ia greater 
than B the angle C OB ia greater than the angle 
OCB. BnttheaDgleOGB^ ACOAr.'^COB 
is greater than ^ C A, and therefore (7 is nearer 
to A than to 0^. 

§ 122. The greater the angle between two 
forces, the less is their resnltant— Let P and Q 
be two forces and let the angle between them be, 
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first, A OB, and secondly, A' B\ and let the angle 
A' Off he greater than A OB. Then, since B 
^Off sxidi BC — B* C", and the angle OB C is 
greater than the angle B* C, it follows that O (7 is 

Fig. 55. 




greater than C. Hence the resultant decreases as 
the angle between the forces increases. 

§ 123. If two forces are represented hy AB and 
A C, the sides of a triangle, then their resultant will 
be represented by twice A JD, where D bisects B C, 

Fio. 5. 




the base of the triangle. For, if the parallelogram 
ABE Che completed, A E represents the resultant 
of the two forces, and A E ^2 . AD^ since the 
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diagonals of a parallelogram bisect each other. The 
line A D IS called the median line of the triangle 
ABC. 



EXERCISES. 

1. A particle is acted upon by two forces of 10 lbs. and 

12 lbs., one of which is inclined at an angle of 80° 
to the vertical, and the other at an angle of 40° to 
the vertical and on the other side of it; find the 
magnitude of the single force which would produce 
the same effect as these two conjointly. 

2. find the resultant of two forces acting at an angle of 

45°, one of which is twice the other. 

3. Two forces, . one cf which is three times the other, 

act along the adj£u;ent sides of a square; find the 
resultant. 

4. Three equal fbnces act along the sides AB, B C, DC of 

a square ABCJ); find the resultant. 

5. Forces of 8 lbs. and 10 lbs. act at an angle of 60^ ; find 

their resultant. 

6. The resultant of two forces that act at right angles to 

OBe another is 145 lbs., and one of the forces is 144 lbs. ; 
find the other. 

7. Two forces whose magnitudes are as 3 to 4 act at a point 

in directions at right angles, and produce a resultant of 
2 lbs. ; find the forces. 

8. The directions of two forces acting at a point are inclined 

to each other (1) at an angle of 60°, (2) at an angle 
of 120°, and the respective resultants are in the ratio 
^7 : VS ; compare the magnitude of the forces. 
0. Forces of 4 lbs. and 5 lbs. act along the sides AB, B Coi 
an equilateral triangle ; find the resultant. 
10. A boat is moored in a stream by two ropes fastened to 
each bank, and inclined to the direction of -the stream 
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at angles of 150^ and 120° respectively. The force of 
the stream is equal to 500 lbs., and the tension in one 
of the strings is 300 lbs. ; find the tension in the other. 

1 1. Two forces of 4 ozs. and Z ^/ 2 ozs. act at an angle of 

45°, and a third force of ^42 ozs. acts at right angles 
to their plane at the same point ; find their resultant. 

12. Three rods are joined at a point, and at right angles to 

'one another, and a weight of 4 \/ 3 lbs. hangs from 
their point of intersection; find the pressure trans- 
mitted through each rod. 

13. Four equal forces act at a point ; the first is at right 

angles to the second, the third is at right angles to the 
resultant of the first two, and the fourth is at right 
angles to the resultant of the other three; find the 
resultant of all four. 

14. Three posts are placed in the ground so as to form an 

equilateral triangle, and an elastic ring is stretched 
round them, the tension of which is 6 lbs. ; find the 
pressure on each post. 

15. Six posts are fixed in the ground so as to form a regular 

hexagon, and a cord is passed twice round them, and 
pulled with a force of 100 lbs. ; find the magnitude 
and direction of resultant pressure on each post 



XIX. Geometrical Condition of Equilibrium when 
two or more Forces act at a Point. 

§ 124. Triangle of Porces.—If ^ and i5 be 
two forces acting at 0, and the parallelogram OABG 
be completed, C will represent the resultant of 
these two forces, and C reversed or C will keep 
O A and B m equilibrium. Since A C equals 

N 
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OB^ the three forces represented hj OA^ A Cj and 
C O will be in eqnilibrinm. Conversely, if three 
forces acting at a point are in equilibrium, since any 
one reversed equals the resultant of the others, the 

Fig. 57. 




three forces can be represented by the sides of a 
triangle taken in order. 

If a triangle be drawn anywhere else, with its 
sides respectively equal to the sides of the triangle 
OACjit can be made to coincide with it, and will 
therefore represent the magnitude of the three forces 
in equilibrium. 

The proposition known as the triangle of forces 
is generally enunciated thus : — > 

* If three forces acting at a point be in equilibrium, 
and if any triangle be drawn, the sides of which are 
respectively parallel or perpendicular to their diiec- 



THEORY OF BQUILIBRIUM. 179 

tionsy the forces will be to one another as the sides 
of the triangle ; and, conversely, if the three forces 
are to one another as the sides of the triangle, they 
will be in equilibrium,' 

§ 125. The proposition thus enunciated may be 
stated more generally, for the sides of a triangle may 
represent the magnitudes of the forces, though they 
are neither parallel nor perpendicular to their direc- 
tions. Nothing more is necessary than that the 
triangle shall be such as is capable of being taken 
up and twisted into parallelism with the sides. In 
other words, if three forces acting at a point be in 
eqtiilibrium, and there be a triangle which can be so 
moved that its sides shall become respectively parallel 
to the directions of the forces, then the sides of this 

FiQ. 58. 




triangle, taken in order, will represent the forces; 
and conversely if the three forces can be represented 
by the sides of such a triangle, they will be in 
equilibrium. 

Thus, if P, Q and R be three forces in equilibrium 

K 2 
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and A B C a, triangle, the sides of which can he 
hroTight into parallelism with the directions of the 
forces, then 

PiQ: E::AB: BC: CA. 

It is necessary to observe that if the sides of the 
triangle be not taken in order they will represent two 
forces and their resultant. Thus, A By B C, and A C 
represent P, Q, and their resultant E. 

This proposition, viz. the triangle of forces, is the 
statical supplement to the parallelogram of forces, as 
it gives the geometrical conditions of equilibrium 
when three forces act at a point. 

§ 126. Examples. — (1) Equilibrium on the in- 
clined plane. — When a heavy body is supported on 

Fig, 69. 

A 
P ^ 




an inclined plane, whether by a force parallel to the 
plane or parallel to the base, the relation between 
the forces in equilibrium can be deduced from the 
triangle offerees. 



r 
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First, Let the force P act parallel to the plane 
A B, Let W be the weight of the body, and R the 
normal pressure or reaction of the plane. Then P, 
Wj and R are supnosed to be in equilibrium. Pro- 
duce -4 C to J5' and make AB' = AB, From B' 
draw B' O perpendicular to ^ J5. Then the triangle 
A B' C is in every respect equal to the triangle 
ABCj and its ades are respectively parallel to the 
directions of the three forces. Therefore the sides 
of the triangle A B' C represent the forces i', W^ R, 
But tiie triangle A B' C is only a new position of 
the triangle ABCj which the original triangle can 
be made to assume. 

.-. P: WiR:: C'A:ab':B' a 

::ac:ab:bg 

P AG h .P AC h 

w 



or 



AG^h ,P_AG 
AB l^ R BC 



Fig. 60. 




"B c A' 

Secondly/. Let the force P act parallel to the base 
of the plane. Then the triangle A 5 C can be 
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twisted into the position A' B' C; in which case 
CA' is paraUel to P, A'B' to B, and B' C to W 

.\P:R: w::ca:ab:bc 



or 



P^OA_h , P ^CA^h 
R AB l^ W BG b' 



(2) Two strings are each tied to a weight of 
25 ozs. at Cj and their other extremities are attached 
to two weights P and Q, which hang over the smooth 
pulleys A and B, in the same horizontal line. If 

Fia. 61. 




YW = 25 



A CheS inches, and B Che 4: inches, and ABhe 6 
inches, find P and Q. 

Here the three forces are W^ 25 ozs. and P and 
Q the tensions in the strings CAy CB. They act 
at the point C ; and since 5' = 4' + 3', it follows 
that the angle A CB is a, right angle (Euc. I. 48). 
Since AB, B C, and CA are respectively perpendi- 
cular to the directions of W, of the tension in A Cj 
and of the tension in B Cy the triangle ABC re- 
presents the three forces in equilibrium, and 



\P = 
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W:P: Qy.ABiBC: Ca 
::5:4:3 

I W= 20 ozs., and Q = I Tr= 15 ozs. 
5 5 



(3) Required the least horizontal force necessary 
to draw a heavy wheel over an obstacle the height of 
which is h, situated on the horizontal plane on which 
the wheel rests. 

Let W be the weight of the wheel, r its radius, 
and let'P be the force which is just able to lift the 



Fig. 62. 




wheel over. the obstacle. Let A Khe the wheel 
just rising from the gi'ound. Let ^ be the obstacle 
over which it is to be drawn, and P the force re- 
quired. Then, if the wheel be on the point of moving, 
the three forces in equilibrium are P and W at C, 
the centre of the wheel, and the reaction E of the 
obstacle OB acting at 0, at right angles to the cir- 
cumference of the wheel, and therefore likewise 
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passing through C. Now, it will be seen that the 
sides of the triangle C D are respectively parallel 
to the directions of the forces, and are. therefore, 
proportional to them^ Hence 

P:R: Wy.DO: oc:CD 



W CD CD r^h 

r — A 

§ 127. Polygon of Forces. — If any number of 
forces Pi, P21 ^3> ^Ay ^b • • • • acting at a point 
be represented hj AB, BC, CD^D E^E A, the 

Fig. 63. 





sides of a closed polygon taken in order, the forces 
shall be in equilibrium ; and if the forces be in equi* 
librium, they shall be capable of being represented 
by the sides of a polygon. 

Join AC, AD. Then A C represents the resul- 
tant oi AB and B C; and A D represents the resul* 
tant of A C and C D, i.e. of A By B Cy axkd D; 
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and A E represents the resultant of A D and D E, 
i,e. of AB, B C, C D, and D E -, therefore, E A 
together with A B, B C, C D, and D E produces 
equilibrium. Hence P,, Pg* ^3> -^45 ^6 represented 
by the sides of the polygon, taken in order, are in 
equilibrium. The converse may be similarly proved. 

If the lines representing the forces do not form a 
closed polygon, that is, if E A' drawn parallel to Pg, 
and representing it in magnitude, does not meet A B 
in A, the forces are not in equilibrium. In this case 
the line joining the points A A' represents the resul- 
tant of the forces, and A' A would keep them in 
equilibrium. In fig. 50, § 116, it will be seen that 
A a 5 c is an open polygon, the sides of which 
represent Pj, Pj, P3, and P4, and that Oc the line 
closing it represents their resultant. 



EXERCISES. 

1. Three forces whose magnitudes are as 3 : 2 : 7 act at a 

point ; can they be equilibrium ? 

2. Three equal forces act at a point; what triangle will 

represent them ? 

3. Two forces acting at a point are represented hy AB the 

base, and C A one of the sides of an isosceles triangle ; 
find the resultant. 

4. A string fixed at its extremities to two points in the same 

horizontal line supports a ring weighing 10 ozs. ; the 
two parts of the string contain an angle of 60° ; find 
the tension. 

5. Three forces of 20 lbs., 40 lbs., 50 lbs. act at the same 
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point* and make angles of 30^ 60°, and 90° respectiyety 
with a given straight line ; determine their resnltant. 

6. A weight of 48 lbs. is supported' by two strings which 

are respectively 3 ft. and 4 ft. long, and are &8tened 
to points in the same horizontal line at such distances 
apart that the strings make right angles with each 
other ; find the tension in each. 

7. Show that three forces acting at a point, but not in the 

same plane, cannot be in equilibrium. 

8. AB CDEFisa regular hexagon, and forces represented 

by the lines AB, AC, AD, AE, AF suct &t A; find 
their resultant. 

9. Two forces acting at a point are represented by the semi- 

diagonals AO, OB, of & parallelogram ABB C; show 
which of the sides represents their resultant. 

10. Three forces acting at a point are represented by three 

adjacent sides of a regular hexagon taken in order; 
find their resultant. 

11. A boat is moored to two points on opposite banks, 

so that the line joining them is perpendicular to the 
direction of the stream and 15 ft. in length. The two 
strings make a right angle with each other, and one 
of them is 12 ft. long, and the force of the stream is 
equivalent to 20 lbs. ; find the tension in each string. 

12. Three fiexible strings A, B, and C are fiustened to a 

small smooth ring ; A and C pass without friction over 
two fixed pulleys ; what weight must be attached to B 
in order that the forces acting on the ring may be in 
equilibrium in each of the following cases : — 

(a) Weight hung to ^ >» 9 ozs., weight hung to C ~ 9 ozs. ; 

angle between the strings A and C ^ 120°. 

(b) Weight hung to ^ = 9 ozs., weight hung to C = 9 ozs. ; 

angle between the strings » 180°. 

(c) Weight hung to A ^9 ozs., weight hung to C b 18 ozs. ; 

angle between the strings » 150°. 

(d) Weight hung to ^ = 9 ozs., weight hung to C == 12 ozs. ; 

angle between the strings ■* 90°. 
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XX. Resolution of Forces — Analytical Conditions of 
Equilihrium when any number of Forces act 
at a Point. 

§ 128. When a single force is replaced by otiiejrs 
which together produce the same effect it is said to 
be resolved, and the several resolved parts are called 
components. 

If a weight be pnlled along a road by a string 
inclined to it at an angle, it is evident that a part only 
of the force employed is used in drawing the weight 
along the road, whilst the remainder tends to lift it 
ojf the road. That force which produces in a certain 
direction the same effect as another force acting in a 
different direction is called its resolved part in that 
direction. 

§ 129. It is evident from the parallelogram of 
forces that any single force can have two components 

FiQ. 64. 




in any direction whatever, since the same straight 
line may be the diagonal of any number of different 
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parallelogiaiiis. The most convenient components 
into which a £>rce can be resolved are those the 
directions of which are at right angles to each other. 
ThoSy if P be a force acting at O, and represented by 
O A^ then, since O^ is the diagonal of the rectangle 
O A B C, the two forces represented hy B and 
C produce the same effect as P ; and if we call X 
the force acting along OBj and T the force acting 
along O C7, P» = Z« + TK 

This method of resolution is the simplest, because 
no part of X aids or opposes Y, Neither component 
has any part in the other. 

§ 130. The projection of a force in any line 
represents the resolved part of the force alonr 




that line. — From the preceding it follows that the 
resolved part of -4. in the direction a? is repre- 
sented by the line intercepted between O and the 
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foot of the perpendicular let fall from A on the line 
O X ; and if O' x' be drawn parallel to a; and 
O (7, A B' be drawn perpendicular to 0' x^^ then 
(y B' ^ OB, Hence O' B' represents the resolved 
part of A in the direction 0' a/. But O' J5' is 
called the projection of A on the line O' a;'. 
Therefore the resolved part of a force in any line 
equals the projection of that force on the given line. 

§ 131. Forces may very often be compounded by 
this method of resolution with greater facility than 
by the parallelogram of forces. For, if each of the 
several forces acting at a point be resolved along the 
same two lines, the sum of their components in 
either direction can at once be found, and the system 
is thus reduced to two forces at right angles. 

§ 132. To find the resultant of any number of 
forces acting at a point in different directions and 
in the same plane. — Take three forces Pi, Pj) ^zi 
represented by -4, OB and C respectively. Take 
X a?', y y , two straight lines at right angles through 0. 
Project OAy OB, and C on each of these lines. 
Then the three forces may be replaced hy OL and 
or, hj OM and OM',hj ON and N\ But 
O L, M, and N act in the same straight line, and 
therefore their resultant X is their algebraical sum. 
Also, L\ M', iV act in one straight line and 
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have a resultant y equal to their algebraical sum. 
Thus the original forces Pj, P,, and P^ are equivalent 
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\o X and T at right angles, where 

X^OL OM^ON', 

and T^OL' ^OM ^ON'-, 

and if i? be the resultant of X and F, i.e. of all the 
forces, 

In the same way the resultant of any number of 
forces may be obtained. Hence, if any number of 
forces act at a point, and two lines be drawn through 
this point at right angles to each other, and if JTand 
T be the algebraic sums of the components of these 
forcesalong these linesrespectively, then i2*= -Z* -f F*, 
where R is the resultant of all the forces. 

This method of finding the resultant of any num- 
ber of forces exemplifies the scientific method known 
as analysis and synthesis. The method we before 
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considered, which consisted of Ending the resul- 
tant of two forces and combining this with a third 
force, and the new resultant with a new force con- 
tinually, was an illustration of synthesis only. 

§ 133. Examples.— (1) Three forces of 4, 5, 
and 6 lbs. act at a point. The angle between the 
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first and second is 45°, and between the second and 
third 75''. Find their resultant. 

It is generally convenient to take the line of 
action of one of the forces as the line Ox. Draw 
^ at right angles to it, through 0. Project the 
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forces along Ox and Oy, Then if 0-4, 05, C 
represent P„ Pg? ^^^^ ^3 we have 

X=0^ + OM--ON 
= 4 + — — 3 = 14-— • 

F=OJf'+ ON'^ -^ + 3 ^3 

V2 

= i{(^2 + 5)« + (5 + 3v^6)«} 
= 53 + 5v'2-f 15 V6 

.*. i? = 10 nearly. 

If On be taken equal to 0^ + OM^ ON, and 
1; be taken equal to Jf ' + ON' ; and if w r, r r 
ba drawn parallel to Oy and Oa: respectively, Or 
will represent the resultant, and this line will be 
found to measure a little less than ten units. 

(2 ) To find the resultant of equal forces when 
the angle between them is 15®. — Let the line a; be 
so taken that it makes an angle of 30® with one 
force and 45® with the other, in 'which case the angle 
between the forces will be the difference of 45° and 
30°, that is, 15°. Draw Oy at right angles to a:. 

The projections of Pj are — ^ and — ^ 

„ P, are^i^ and ^«. 
But P, = P, 
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and 



.\B^ 



.'. ^ = i'(l-98--0 
Fio. 68. 
V 



X' 




§ 134. Conditions of Equilibritun when any 
nnmber of Forces act at a Point. — If the forces are 
in equilibrium it is evident that the resultant must 
be zero ; and since B^ ss X^ + F', it follows that 
X^ + F* = when the forces are in equilibrium, 
and consequently X ^ and F ^ 0. Hence, if 
any number of forces acting at a point are in equili- 
brium the algebraical sums of the components of these 
forces, along any two straight lines dravm cU right 
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angles to each other through this point, mn9t separately 
vanish. 

The conditions of equilibrium thus found are 
called the analytical conditions, because the forces 
are analysed into their components. Remembering 
what X and Y represent, these two conditions will 
be indicated by the equations 

(1)Z=0 

(2) r=o. 



EXEHCISJES. 

1. Two equal forces acting at a point make angles of 80^ 

and 45° with opposite ffldes of the same straight line ; 
find their resultant. 

2. Two forces of 6 lbs. and 10 lbs. acting at a point include 

an angle of 105° ; find the resultant. 

3. Two forces of 8 lbs. and 10 lbs. act at right angles ; find 

the resultant by resolving each along two directions 
at right angles, one of which makes an angle of SO^ 
with one of the forces. 

4. Three forces of 4, 5, and 6 ozs. act at a point and include 

angles of 60° and 75° ; find their resultant. 

5. Three equal forces act at a point, and the angle included 

between the first and second is 30° between the second 
and third 105° ; find the resultant. 

6. Five forces of 5, 2, 4, 3, and 6 ozs. act at a point and 

include angles of 45°, 75°, 60°, and 90°; find the 
magnitude of the force which will keep them in 
equilibrium. 

7. Show why the traces of a horse ought always to be 

parallel to the road along which he is pulling. 
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8. A man pulls a weight by means of a rope along a road 
with a force of 20 lbs. The rope makes an angle of 
30° with the road. Find the force he would need to 
apply parallel to the road. Does the inclination of 
the road alter the answer ? 

d. Find the magnitude of the force which will keep in 
equilibrium two forces of 2 lbs. and 4 lbs., (1) at 
angle of 16^ (2) at an angle of 75°. 

10. The resultant of two forces acting at a point is 4 lbs., 

and the angle between them is 150°. One of the com- 
ponents is 4 lbs. ; find the other. 

11. Let AB Che& triangle, and lines be drawn from A,B, C 

to the middle points of the opposite sides. If three 
forces acting from A, B, C, respectively be represented 
by these three lines the forces will be in equilibrium, 

12. Three forces act at a point, and include angles of 90° 

and 45°. The first two forces are each equal to 2 P, 
and the resultant of them all is VIO P; find the 
third force. 

13. Indicate the forces that maintain a kite in equilibrium. 

14. Find the resultant of three forces, the least of which is 

10 lbs., which are represented by, and act along A, 
OB, OC, two sides and the diagonal of an oblong 
whose area is 60 square inches, and shorter side 5 ins. 

15. A man and a boy pull a heavy weight by ropes inclined 

to the horizon at angles of 60° and 30° with forces of 
80 lbs. and 100 lbs. The angle between the two 
vertical planes of the cords is 30°; find the single 
horizontal force that would produce the same effect. 

16. The resultant of two equal forces is 56 lbs., and the iuf 

eluded angle is 15° ; find the forces. 

17. A weight of 10 lbs. is supported by two strings, one of 

which makes an angle of 30° with the vertical, the 
other 45° ; find the tension in each string. 

18. Three forces each of 10 lbs. act at the same point; the 

first makes an angle of 30° with the second, and the 

o 2 
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second an angle of 60° with the third ; calculate the 
magnitude of the single force which with them will 
produce equilibrium. 



XXL Forces not meeting at a Point — Parallel 

Forces, 

§ 135. Parallel forces are those acting at different 
points of a body and in directions parallel to one 
another. If they act in the same direction they are 
called like forces ; if in opposite directions, unlike. A 
pair of horses harnessed to a carriage is an example 
of two like parallel forces. 

§ 136. Besnltant of two Parallel Forces.— If 
two forces are parallel and act in the same direction^ 
it is eyident that their joint effect is the sum of their 
separate effects ; and if they act in opposite directions 
it is equal to their difference. 

The magnitude of the resultant of parallel forces 
is, therefore, the same as of forces in the same straight 
line, I.e., is equal to their algebraical sum. 

It has been shown (§ 121) that when two forces 
act at a point their resultant is nearer to the greater 
force. If the forcps act in like directions, from or 
towards the same parts, the resultant will be found 
to act between them ; if in unlike directions, it will 
be foimd to act outside both forces, as shown in the 
annexed diagram (fig. 69). This proposition is 
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equally true when the forces are parallel, i.«., when 
the point is infinitely distant. But when the forces 
are parallel the nearness of the resultant to either of 
the forces can be more easily estimated than when 
the forces are inclined at an angle, since it can be 
exactly measured by the perpendicular distance of the 
direction of the resultant from that of each of the 

Fig. 69. 





forces. In parallel forces it is found that the result- 
ant is as much nearer to the greater force as that force 
is greater than the lesser force, and acts between like 
and outside unlike parallel forces. Hence parallel 
forces are only a particular case of those which we 
have already considered. 

If P and Q be two parallel forces, like in ^g. 70, i., 
and unlike in fig. 70, ii., the resultant E will act be- 
tween F and Q in %. i., and outside them in fig. ii..; 
but in both cases, if P is greater than Q, R will be as 
much nearer to P as P is greater than Q ; i.e., B^a 
perpendicular distance from P will be as many times 
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less than E's perpendicular distance from Q as P is 
greater than Q. Hence, if mCn be perpendicular 
to their directions, 

i. Fia. 70. ii. 





P: Q:: c?» : Cm 

and.'.P : Qy. CB I CA (by similarity of triangles). 

Hence the magnitude and position of the resul- 
tant is determined by the equations 

^ = P+ Q 
and F X CA:=zQx CB. 

§ 137. Proof. — The position of the resultant is 
thus explained. We now proceed to prove the above 
proposition. 

L Like Forces. — Suppose the two forces to be 
acting at A and B, and to be represented by ^ a and 
Bb. At A apply any force X in the direction B A , 
and at B an equal force X' in the direction AB, 
These forces will produce no effect, since they are 
equal and opposite. 

Draw the diagonals A8,B »'. Then A s repre- 
sents S, the resultant of P and JT; and Bs' repre- 
sents S\ the residtant of Q and 27, These two pairs 
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of forces can therefore be replaced by S and S'. If 
the lines A s^ B a' be produced they will meet at 
some point 0, since the angles XA 8, X' B s^ are 
together less than two right angles ; and the forces 
S and S' may therefore be transferred to 0. 

Draw C parallel to -4 a or Bb, and resolve S 




into its two components, one along C and the other 
parallel to A B, and let S' be similarly resolved* 
Then we have X and X acting at in opposite 
directions, and counteracting one another; and P 
and Q acting along C. Hence P + Q at C pro- 
duces the same effect as P at ii and Q at B, and 
therefore the resultant of P and Q acts at C parallel 
to their direction. Let R be the resultant; then 

Now, the triangle OCA has its sides parallel to 
the directions of P, X, and Sj 

A . P OC 
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Similarly 
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X 


CB 




Q~ 


OC 


< 
• 




CB . 


p 


X Cil = 


Qx CB. 



or 



n. Unlike Forces. — Let P and Q be two unlike 
forces acting at A, and ^, and let Q be greater than 
P. At ^, and ^ apply two equal forces Xand X! in 
the directions B A and A B. Then A 8 will repre- 
sent Sf the resultant of P and X, and ^s' will 
represent S\ the resultant of Q and JT. Let ^ s 
and £ «' meet at 0» Then /S and S^ act at 0, and 

m 

Fio. 72. 




may be resolved into their component parts, viz., 
X and X parallel to A B destroying one another, 
and P acting along C and Q in the direction of 
C 0. Hence P Bit A and Q at ^ are equivalent to 
a force ^ equal to Q — P in the direction G O. 
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Therefore the resultant of P and Q is equal to Q— P, 
and acts parallel to the original forces at the point C. 

Also, since the sidei^ of the triangle AGO are 
parallel to the directions of P, X, and S^ and the 
sides of the triangle B C sue parallel to the direc- 
tions of Q, X', and S\ we have 

P 
X 

. P 
or 



OC , Z' BG 
— -and - = - — 

VA Q CO 



and 



BC 



— ^ -— - since X = JT 



CA 
P X GA=^Qx BG. 



§ 138 Ezperimental Verificatioiiu — The above 
propositions may be experimentally verified in the 
following way : — 

Let X-P be a rod suspended at C Let the two 

FiQ. 73. 






X* 



■fl 






weights P and Q hang from any two points A and 
B (fig. 73), and let a weight E equal to their sum 
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be attached to the end of a thin cord that passes 
without friction over the pulley D. Then if the 
"weights P and Q be moved* till they are in equili- 
brium, and if the distance C A he equal to |>, and 
the distance C B equal 9, it will be £}und that 
P X ;? = Q X y. 

Again, let the weight P hang from A^ and let 
the weight Q be fastened to the end of the string 



Fig. 74. 



nC^ 



\1^ 



B V 




that passes over the pulley. Then P and Q are 
two unlike forces, and if Q be greater than P, it 
will be found necessary to hang a weight Bf from 
some point B to maintain equilibrium, and if E^ ^ss 
Q — P, and the distance AB = p and the distance 
C jB = 5, it will be found that P X p = Q x q 
as before. 



§ 139. Examples.— (1) If P = 4 lbs., and Q 
=s 5 lbs. be two like parallel forces, and the distance 
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between their points of application be 12 ins., find 
the position of the resultant. 

Let X equal E^s distance from P, 
then 12 - a? equals „ „ „ Q 

.\ 4 X re = 5 (12 - a;) = 60 - 5 a; 
/. X ^ &^ and 12 — a: ^ 5^. 

(2) If the resultant of two unlike parallel forces 
is 12 lbs., and acts at a distance of 5 ins. from the 
greater and 7 ins. from tlie lesser force, find the 
forces. 

Let F be greater than Q, then i? = P — Q = 12 
and /. P = 12 + Q 

also 5 X P = 7 X Q 

.-. 5 X (12 + Q) = 7 X Q 

/. Q = 30 lbs. and P = 42 lbs. 

(3) The resultant of two like forces is 10 lbs., 
and is twice as near to P as to Q ; find the forces. 

P + Q = 10 /. Q = 10 - P. 

Let X be P's distance from i?. 
Then P. a; = (10 - P) . 2 a? 
.'. P = 20 - 2 P 
/. P = 6f lbs. and Q = 3^ lbs. 

§ 140. To find the Position of the Besnltant of 
a nnmber of Parallel Forces acting at difiTerent 
points of a rigid body. — ^Let Pj, Pg, P3 . . . be 

parallel forces acting at A, ^, C7 . . . Then, the re- 
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sultant R I, of Pi and Pj = -^i + ^2> wid acts at a 
point Oi, such that Pi x A0i=P2X B 0^. Simi- 
larly R^j the resultant of jSj and P3, acts at a point 
O2, such that i?i X Oi O2 = P3 X C O2 

or, (Pi + P^) X Oi Oa = P3 X CO2 

and ^^2 = ^1 + ^2 + ^3- 




In the same way, by combining this resultant with a 
new force, and the resultant of these with another 
force, the resultant of any number of parallel forces 
may be obtained. 

§ 141. Centre of Parallel Forces. — The point 
at which the resultant of any number of parallel 
forces acts is called the centre of the forces. It is 
evident from the foregoing investigation that the 
position of the centre of any number of parallel 
forces is independent of the directions of the forces, 
and depends only on their points of application and 
their respective magnitudes. 
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The position of this point may be easily found 
in most cases by the following method :-— 

If Pi and Pj ^® *^6 forces, and any point ; 
and if through any line be drawn cutting their 
directions in the points A and B and their resultant 
at C, then Pi x OA+F2xOBz=Ex C. 

Since Pj x ^ C = Pj X J5 (7, it follows that 

Pix (0-4- oa) = P2 x(oa-o^) 

aPi xOA+P^ X 0B=(Pi+P2) X OC^Rx OC. 



Fig. 76. 
B 



tP: 



Pa 



o 



Pa 



Similarly by combining R with Pg, and that re- 
sultant with a new force, we can prove that if Pj, Pg, 
P3 . . . be any number of parallel forces, x^^x^y 
X3 . . . their respective distances from a point 0, 
along any straight line drawn through that point, and 
X the distance of their resultant from the same point, 
then jB a? = Pj a?! + Pa a;2 + P3 a?3 4- • . . 

__ ■* 1 ^1 "T ■* 2 ''^ I -* 3 "^3 "♦■••• 
Pj + P2 + -*^3 + • • • 



and 



X 



§ 142. Equilibrium of Parallel Forces.— If Pj, 
P2, P3 . . . be forces in equilibrium, some acting in 
one direction, and some in the opposite direction, their 
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resultant equals zero, and the condition of equi- 
librium is therefore given bj the equation 

In this equation forces pulling in opposite direc- 
tions are supposed to have opposite signs; and if 
the point 0, through which the line of reference 
passes, and which may be taken anywhere, lies 
between the forces, some being on one side of it and 
some on the other, a further distinction of sign is 
necessary, and all the distances on one side of O 
must be accounted positive, and those on the other 
side negative. Bearing in mind these distinctions 
of sign, the condition of equilibriiun may be thus 
stated : Parallel forces are in equilibrium, when the 
algebraical sum of the products of the forces into 
their respective distances, from some fixed point, 
measured along a line drawn through that point 
across their directions equals zero. 

This proposition is most important in the solu- 
tion of problems. It is often found convenient to 
take the point in the line of one of the forces, in 
which case the distance of that particular force from 
vanishes. 

§ 143. Examples.— (1) A beam AB, 10 fb. 
long, the weight of which is 10 lbs., and acts at its 
middle point, is suppoi*ted on two props, 1 ft. and 
2 ft. from the ends A and B respectively. From the 
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extremity A a weight of 20 lbs. hangs; find the 
pressure on each prop. 

Here we have two forces acting yerticallj down- 
wards, viz. 10 lbs and 20 lbs., and the reactions of 

Fio. 77. 



ao]b9 



the two props, which are together equivalent to 
these forces, acting vertically upwards. 

Let P and Q be the pressures on the two props. 

Then P -»- (2 = 30. Let the fixed point from 
which the distances are to be measured be at A. 
Then we have 

P+l + Qx8-10x5-20x0 = 

.-. (30 - Q) + 8 Q = 50 

7 Q = 20 .\ Q= 2f and P = 27|. 

(2) Weights of 3 ozs., 4 ozs., and 5 ozs. are hung 
on a rod A B, 12 inches long, at distance^ of 1 inch, 
2 inches, and d inches from t^e end A (fig. 78). If 
the weight of the rod be 6 ozs. and act at its centre, 
find where the rod must be suspended, that it may 
rest horizontal. 

Here we have a force of 3 oz. at a distance of 
1 inch from Aj 

a force of 4 ozs. at a distance of 2 inches from A 

JJ ft ^ ») Jf » ^ 77 » 

^^^ 77 >7 " W W l> " J» )> 
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The only force acting in the opposite direction is the 
tension of the string, which is equal to 3 4- 4 + 5 
-). 6 = 18 ozs., and is fixed to the rod at a distance 
ic to be found. 

.-. 18a: = 3 + 4x2 + 6x8 + 6x6= 87 



87 
18 



.*. a: =r ,— = 4^ inches from A. 



FiQ. 78. 



U 



(3) Four like parallel forces, the magnitudes of 
which are 2 ozs., 3 ozs., 4 ozs. and 5 ozs., act at the 
four corners of a square ; find the position of their 
resultant. 

It. is sometimes conyenient to combine, first one 
pair of forces, and then another pair, and finally to 
combine the two resultants. 

The resultant of the forces 3 and 4 is a force of 
7 ozs. acting at Oi {lig, 79), where B 0^ equals \B C. 
The resultant of 2 and 5 is a force of 7 ozs. acting at 
02t where AO^i&^ oi A D. Join Oi 0^ and the 
final resultant will be a force of 14 ozs. acting at the 
point M which bisects Oi O2. Hence, the centre of 
the forces is situated at a point equally distant from 
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A B and B C and ^^ of one of the sides from A B 
BxA -^ from D C. 

Fio. 79. 




§ 144. Besolutioii of a force into Parallel Com- 
ponentfl. — ^A force F may be resolved into two 
parallel components P and Q, provided that P I Q 
: I Q'« distance from 2^ \ P*8 distance from F\ and 
either or both of these components may be again 
resolyed, provided that the relation between the 
distances of the components from the original force 
is preserved. 

§ 145. Example. — ^A weight W rests on a 
triangular table at a point in the line joining one of 
the angular points with the middle of the opp<}site 
side, and at a distance from the angular point equal 
to twice its distance from the side. T]ie table \h 
supported on three props -at its angular points; find 
the pressure on each prop. 

p 
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Let TF at jE7 be resolyed into two parallel forces 
at D and C. Then, since CE = 2 ED, ibe com- 
ponent at D equals twice the component at C> and 

Fig. 8a. 




2 W W 9 W 

=^ acts at D and ^ acts at C. But -^ at D 

W W 

is equivalent to — at J. and -^ at J? ; therefore, the 

i5 o 

TF" 

weight TF exerts a pressure of -^ on each prop. 

o 



§ 146. Couples. — In § 137, II. we found the 
resultant of two unlike parallel forces P and Q, on 
the supposition that Q was greater than P. Let us 
see what would have happened if Q had been equal 
to F. In this case A s and B s^ (fig. 72) would have 
been parallel, and the point through which the 
resultant passes would have been infinitely distant. 
It thus appears that two equal and opposite parallel 



THEORY OF EQUILIBRIUM. 211 

forces have no resultant, t.e., there is no jsingle force 
tending to produce translation that can replace them. 
Such a pair of forces is called a couple, and the 
perpendicidar distance between the forces is called 
their axis. The effect of. a couple is to produce 
rotation, and it generally happens that one of the 
forces is replaced by the reaction of a fixed point 
about which the body is free to rotate. The con- 
ditions of equilibrium of a body iree to rotate about 
a fixed point will be considered in the next Lesson. 

EXERCISES. 

1. Parallel forces are applied at two points 5 ins. apart, 

and are kept in equilibrium by a third force 3 ins. 
from the one, and 2 ins. from the other. What is the 
ratio of the forces ? 

2. Two men, of the same height, carry on their shoulders 

a pole 6 ft. long, and a weight of 121 lbs. is slung on 
it, 30 ins. from one. of the men; what portion of the 
weight does each man support ? 
v3. A beam the weight of which is equivalent to a force of 
10 lbs. acting at its middle point is supported on two 
props at the end of the beam. If the length of the 
beam be 5 ft., find where a weight of 30 lbs. must be 
placed, so that the pressure on the two props may be 
15 lbs. and 25 lbs. respectively. 

4. Two weights of 3 ozs. arid 5 ozs. hang at the ends of a 

rod 12 ins. long, and a third weight of 6 ozs. is placed 
3 ins. from the lighter weight; find the position of 
the resultant. 

5. Equal weights hang from the comers of a triangle ; find 

the point at which it must be suspended to rest 
horizontally. 

f2 
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6. Equal forces act along AB, B C, DC, A A.the sides cf 

a square ; find the resultant. 

7. The ratio of two unlike parallel forces is |, and the 

distance between them is 10 ins. ; find the position of 
the resultant. 

8. The resultant of two unlike forces is 6 lbs., and acts 

8 ins. from the greater force, which is 10 lbs. ; find the 
distance between them. 

9. Forces of 3, 4, 5, 6 lbs. act at distances of 3 ins., 4 ins.» 

5 ins., 6 ins. from the end of a rod ; at what distance 

from the same end does the resultant act ? 
10. If a weight rest in the middle of a square rough table, 

will the pressure on each leg be altered if one pair of 

legs be longer than the opposite pair ? 
IL A circular table rests on one central leg, and a weight 

of 10 lbs. is placed midway between the centre and 

circumference ; where must a weight of 8 lbs. be placed 

so as to preserre equilibrium ? 

12. A plank weighing 10 lbs. rests on a single prop at its 

middle point ; if it be replaced by two others on each side 
of it, 3 ft. and 5 ft. from the middle point, find the pres- 
sure on each, 

13. To a weightless rigid rod 30 ins. long, weights of 4, 6, 

8, 12 lbs. are fixed at equal distances from one another ; 
where must the rod be suspended to rest horizontally? 

14. A weightless rod is suspended at a point 3 ins. &om one 

end, and a weight of 10 lbs. is hung &om the same 
end; if the rod be 15 ins. long, find the weight that 
must be put at the other end to maintain equilibrium. 

15. If the rod be heavy, and its weight be equivalent to a 

vertical force of 2 lbs. acting at its middle point, what 
weight must then be placed at the further end ? 

16. Four vertical forces of 4, 6, 7, 9 lbs. act at the four 

comers of a square ; find their resultant. 

17. Find the centre of like parallel forces, 3, 2, 5, 7 lbs., whidi 

act at equal distances apart along a straight rod 12 ins. 
long. 
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18. A horizontal straight bar 6 ft. long and weighing 16 lbs. 

is supported at each end, and a weight of 48 lbs. is 
hung at 2 ft. from one end ; find the pressure upon 
each of the supports. 

19. Three parallel forces of 4 lbs., 5 lbs., and 7 lbs. are applied 

respectively at the centre and two extremities of a 
rigid bar; find their resultant in magnitude and 
position. 

20. A fiat board 12 ins. square is suspended in a horizontal 

position by strings attached to its four comers AB CD, 
and a weight equal to the weight of the board is laid 
upon it at a point 3 ins. distant from the side A B and 
4 ins. from A D ; find the relative tensions in the four 
strings. 



XXn. Forces producing Rotation — Moments, 

§ 147. We have hitherto considered forces, the 
tendency of which has been to produce translation, 
or motion from one place to another ; we have now 
to treat of the tendency of forces to produce rotation 
about some fixed point. 

If a point in a body be supposed fixed, so that 
the body cannot move out of its own place, but is 
free to rotate about that point, a force applied at 
any other point and in a direction that does not pass 
through the fixed point will produce rotation, 

§ 148. The rotatory efifect of a force depends 
on: — 

First The magnitude of the force. 
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Secondly, The perpendicular distance of its di« 
rection from ihe fixed point. 

In closing a door a small force applied at the 
handle will produce the same effect as a much 
larger force applied at a point nearer to the hinge. 

§ 149. Moment of a Force. — The tendency of a 
force to produce rotation about a fixed point is called 
its moment about that point, and is measured bj the 

Fig. 81. 




product of the number of units of force into the 
number of units of length in the perpendicular drawn 
from the fixed point on to the direction of the force. 
Thus if P be a force tending to cause a body to rotate 
about the point 0, and Om be the perpendicular 
drawn from on to its direction, then P x O m 
measures the rotatory tendency of the force, and is 
called the moment of the force P about the point O. 

§ 150. Geometrical Measure of the Moment of 
a Force. — If A B represent the magnitude of P, thea 
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tihe measure of the moment ibAB X Oni, wliich is 
eqtial to twice ihe area of the triangle A OB. 
Hence the moment of a force about a point may be 
measured hj twice the area of the triangle which 




has the straight line representing the force for a 
base, and the fixed point for an apex. 

If two triangles having the same apex can be 
shown; to be equal, the moments of the forces, re- 
presented bj the bases, about that apex will be 
equal also. 

§ 151. The moment of a force about a point in 
its own line of action is evidentlj nothing, since no 
perpendicular can be let fall on a line from a point 
in the same line. 

§ 152. Positiye and Hegatiye Moments. — In 

considering tlie action of forces we found it convenient 
to distinguish between positiye and negative forces, 

i ! 

I 



216 



gTATIGS — ^BSST. 



according as they tended to move the body to the 
right or to die left of a fixed point. In the same 
way it is found desirable to speak of positive and 
n^atiye moments. The moment of a force is 
said to be positive, when it tends to produce rotation 
in the direction in which the hands of a dock move, 
and n^ative when its tendency is in the reverse 
direction. 

§ 153. If any point be taken in the line of 
action of the resultant of two Forces the Moments 
of the Poroes about this point will be equal. — ^Let 
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P and Q be two forces acting at C, and let R 
be their resultant. In die line of action of R take 
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any point 0, and draw Aj B parallel to the 
directions of Q and P respectively. Then CO,CAj 
and CB will represent B, P, and Q, wherever the 
point may be taken. But the moment of the 
force CA about the point is represented by twice 
the area* of the triangle C AG (§ 150), and the 
moment oi CBhj twice the triangle CB 0, and 

^e triangle C AO '=■ the triangle C BO. 

•*• The moment of P about equals the moment 
of Q about the same point. 

Or, P y. Om^Qx On. 

§ 154. Equilibrium of two Moments. — ^If two 
forces act at different points of a body which is free 
to rotate about a fixed point they will produce 
equilibrium when their moments about that point are 
equal and opposite. Now, we have seen that the 
moments of two forces are equal and opposite about 
any point in the line of action of their resultant. 
Hence a body acted upon by two forces will be in 
equilibrium when the point of support is in the line 
of action of the resultant. 

§ 155. Application to Leyer.— The lever has 
been defined as a rigid rod capable of turning about 
a fixed point called the Fulcrum. We are now able 
to find the conditions of equilibrium on the lever, 
and the relation between the forces acting upon it in 
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other cafles llian those akeady considered. For if 
P and Q he two forces acting at the points A and B 
of a rigid rod of any form, and if the rotatoiy ten- 
dencies of these forces are equal about the point C 
or fiilcnun, then the resultant of P and Q passes 
through C, and the moment of P about C is equal 
and oppocdte to the moment of Q about the same 

Fig. 84. 




point. Hence the following propositions hold godS 
with respect to the lever^ whether the lever be 
straight or bent, and whether the forces are perpen- 
dicular to the arms or not. 

(1) The resultant of the two forces passes 
through the fidcrum of the lever, and is equal to the 
pressure on the fulcrum. 

(2) The algebraical sum of the moments of the 
forces about the Mcrum equals zero. 
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This latter proposition is generally known as the 
principle of the leyer. 

In fig. 84 we see that if the directions of P and 
Q be produced to 0, and a and b represent the 
two forces, and c their resultant, and if c be 
produced to cut ^ ^ in C, then C is the fulcrum, 
and the pressure of the fulcrum is represented by 
c, and 

F X Cm= Qx Cn 

where Cm and Cn are perpendiculars drawn from 
C to the directions of P and Q. 

§ 156. Examples.— (1) A bent leyer without 
weight consists of two arms, one of which is twice as 
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long as the other, and inclined to each other at an angle 
of 120"" ; find the ratio of the weights that must be 
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BUBpended firom their ends, ao that the lever may 
rest with the shorter arm horizontaL 

Let P and Q be the two wei^ts. Taking mo- 
ments about C> we have 

P X iiC=Q X Cn; 

and since die angle ^ C n is 60^ 

:.P X A(7=Q X ^(7orP=Q. 

(2) A rod the weight of which is 10 lbs. and acts 
at its middle point moves at one end abpnt a hinge 

Fio. 86. 




fW-iolbt 



and is supported at the other end by a piece of string 
attached to a point, vertically over the hinge, and at a 
distance from it equal to the length of the rod ; find 
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the tension in the string when the rod rests in a 
horizontal position. Let A B he the rod moveable 
about a hinge at A, Let C B he the string, then 
A C = AB. Let W he the weight of the rod at 
G, and let T he the tension in B C. 

Then in equilibrium the moment of W about A 
must be equal to the moment of T about A. 

Or, if ^ m be drawn perpendicular to C B 

T X ^m= W X AG 

and Am^ss — _ and A G = -— - 

a/2' 2 

T W 

\^ = ILoTT=5y/2lh8. 



• • 



§ 157. Balances. — ^When a lever is employed to 
deliermine the weight of a substance it is called a 
balance. This may consist of a beam supported at 
its middle point, with pans hanging from either end, 
one of which holds the substance to be weighed and 
the other the weights ; or the arms of the beam may 
be of different but fixed lehgths and the weight may 
slide upon it ; or the arms themselves may vary by 
the movement of the fulcrum. 

§ 158. The Common Balance. — Here the arms 
are equal, and the beam is nicely balanced on a 
pivot. 

A balance should be so constructed, that— 
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1. When the weights in the scale^pans Are 
equal, the beam Bhould be perfectly horizontal. 

2. When the weights differ but slightly, the 
devkUion of the beam from the horizontal position 



Fig. 87. 




should be considerable. The sensibility of the 
balance should be delicate. 

3. When disturbed the balance should quickly 
resume its original position. The balance should 
exhibit stability. 

If a balance be true, false weights may be de- 
tected by placing them and the substance to be 
weighed alternately in different scale-pans; and if 
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the weights be truei a &lfle balance may be simi- 
larly detected. 

§ 159. The true weight of a body can be as- 
certained with a /aUe balance^ if the weights used 
are correct, in the following manner : 

Let W be the real weight of a body, and sup- 
pose it found to weigh a lbs. when placed in one 
acale-pan, and b lbs. when placed in the other. Let 
X and y be the arms of the balance, unknown. Then 
by the principle of moments 

TT X a? = a X y and W x y =tb x x 

.% W^ X xt/ = ab X xy .\ W =^ ^ab 

Or, the true weight is the square-root of the pro- 
duct of the apparent weights when the body is 
weighed in each scale-pan. 

§ 160. The Common, or Eoman Steelyard. — 
This is a balance with unequal arms. The body to 
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be weighed hangs from the end of one arm of the 
beam, and the weight employed to measure it slides 
on the other arm of the beam. 

Let the beam be suspended at C, and let w be 
its weight acting at G, so that the weight P at the 
point IS able to keep the beam in equilibrium. 
Hence w xCG=:P x CO. 

Suppose a weight W suspended j&om B, and that 
the beam is in equilibrium when the moveable weight 
F is at A. Then 

Wx BC + w xGC=::P X AC 

= P xAO + P X OC 
But wxGC^PxOC 
WxBC^P xAO 
W^AO 
P BC 

Hence, the distance ^m the point at which the 
weight P must hang varies directly with the mag- 
nitude of W, 

If J. = 1 inch when Tr= 1 lb. 
Oil = 2 inches „ Tr=2 1bs. 
0^=3 „ „ TF=3 lbs., and so on. 

§ 161. The Danish Steelyard.— This instru- 
ment consists of a straight bar with a heavy knob at 
one end (fig. 89). The substance to be weighed is 
suspended at the other end, and the fulcrum is 
moved so as to equate the moment of the body 
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or 
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weighed with the moment of the weight of the 
beam. 



Fio. 89. 
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Let P equal the weight of the beam at O, and 
W the weight of the body suspended at B ; then 

P X G0= Wx OB 
.\ P X {GB - OB) :=zWxOB 

P 



.\0B = 



..GB. 



P + W 

Hence, P and G B being fixed quantities^ the beam 
is graduated by* making W equal to 1 lb., 2 lbs., 
3 lbs. successively. 

Thusif Tr=P, then OB^^GB 
„ T7=2P„ OB = iGB 
„ Tr=3P„ 05 = ^0^5, and so on. 



§ 162. Other balances are frequently formed by 
altering the inclination of a bent lever, and by 
indicating the corresponding change in the moment 
of the weight of the lever about its fulcrum. The 
common letter-weight, shown in fig. 90, is an example 
of this kind of balance. The fulcrum is at C, near 
the shorter arm of the lever. The letter to be 

Q 
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weighed is suspended from B, When no weight 
hangs from B, the point at which -the whole weight 
of the instrument acts is immediately imder C, the 
point of suspension, and the index, which always re- 
mains vertical, points to zero. But if anything be 
hung from B^ the balance assumes a different po- 

Fio. 90. 





sition and the moment of its weight about C 
increases. If W be the weight of the instrument 
acting at G, and w be the weight attached to B^ 
we have W x AC =^w x B C, when equilibrium 
exists. If weights of -^oz., 1 oz., &c. be separately 
suspended from B, and if the corresponding posi- 
tions of the vertical index be marked, these marks 
serve as a scale of weights. 

§ 168. Oeneral Properties of Moments.— Since 
the moment of a force measures its tendency to 
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produce rotation about a fixed point, it is evident ' 
that in order that a body, acted upon by several 
forces, may be in equilibrium, the various tendencies 
to rotation must counterbalance one another, or the 
sum of the positive moments with respect to any 
point must equal the sum of the negative moments. 
Hence, when several forces act at different points of a 
rigid body and are in equilibrium, the algebraical sum 
of the moments of the forces about any point mast 
vanish, 

§ 164. Again, since the resultant is that force 
which produces the same effect as its components, 
the rotatory tendency of the resultant is equal to the 
sum of the rotatory tendencies of the components. 
In other words, the moment of the resultant about any 
point is equMl to the algebraical sum of the moments 
of the forces about the sam^ point. 

This proposition has already been proved in the 
case of parallel forces (§§ 141-2). 

§ 165. Moreover, if the fixed point about which 
rotation is supposed to take place be in the line of 
action of the resultant, the moment of the resultant 
about this point is zero, and consequeDtly the alge- 
braical sum of the moments of a number of forces 
about any point in the line of action of their resultant 
is zero. 

This proposition has also been separately proved 
in the case of two forces meeting at a point (§ 153). 

Q 2 
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EXERCISES. 

1. Two equal and weightless rods are jointed together and 

form a right angle. They move freely about their 
common point. Find the ratio of the weights that 
must be suspended from their extremities that one of 
them may be inclined to the horizon at 60°. 

2. A rod A B moves about a fixed point B. Its weight W 

acts at its middle points and it is kept horizontal by a 
string that makes an angle of 45° with it. Find the 
tension in the string. 

3. A rod 10 ins. long can turn freelv about one of its ends ; 

a weight of 4 lbs. is slung to a point 3 ins. firom this 
end ; what vertical force at the other end is required to 
support it ? 

4. If the rod, in the preceding question, be held by a string 

attached to the free end of the rod and inclined to it 
at an angle of 120°, find the tension in the string 
when the rod is horizontal. 

5. Two forces of 3 lbs. and 4 lbs. act at the extremities of 

a straight lever 12 ins. long, and inclined to it at 
angles of 120° and 135° respectively ; find the position 
of the fulcrum. 

6. A uniform lever is bent so that its arms make an angle 

of 150° with each other, if the longer arm remains 
horizontal when a weight of 3 ozs. hangs from its 
extremity, and when a weight of 12 ozs. hangs firom 
the end of the shorter arm ; find the ratio of the arms. 

7. Find the true weight of a body which is found to weigh 

8 ozs, and 9 ozs. when placed in each of the scale-pans 
of a false balance. 

8. In a common steelyard the weight of the beam is 10 lbs., 

and the distance of its centre of gravity from the 
fulcrum is 2 ins. ; find where-a weight of 4 lbs. must 
be placed to balance it. 
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9. A Danish steelyaid is 36 ins. long, and its weight, 2 lbs., 
acts at a point 6 itis. from one end. At the other end 
is hung a body weighing 10 lbs. ; find the position of 
the fulcrum. 

10. If in the preceding question the falcrum were 7^ ins. 

from the thin end, what would be the weight of the 
body? 

11. A beam 3 ft. long, the weight of which is 10 lbs., and 

acts at its middle point, rests on a rail, with 4 lbs. 
hanging from one end and 13 lbs. from the other; 
find the point at which the beam is supported ; and if 
the weights at the two ends change places, what weight 
must be added to preserve equilibrium ? 

12. Show that the sum of the moments of two forces repre- 

sented by the two sides of a triangle about any point 
in the base is constant. 



XXni. General Conditions of Equilibrium of Forces 
in one Plane — Recapitulation. 

§ 166. Conditions of Eqmlibrinm of any 
nnmber of forces acting in one plane at different 
points of a rigid body. — We are now in a position 
to give the results of the solution of the problem (with 
respect to forces in one plane) which we stated at the 
opening of this chapter to be the problem of Statics. 

We have seen, that when any number of forces 
act at different points of a rigid body and in different 
directions, each force is capable of being resolved 
into two, one parallel to a fixed direction and the 
other, perpendicular to it. The algebraical sum of 
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all these forces in each of these two directions can 
be ascertained, and in order that there should be 
equilibrium, these two sums must separaticly vanish. 
But this condition is not, by itself, sufficient. For 
the algebraical sum of a number of forces will vanish 
if the sum of the forces in one direction is equal to 
the sum of the forces in the opposite direction, i.e., 

Fig. 91. 



\ 




if the forces can be replaced by two equal and 
opposite resultant forces. But two equal and 
opposite forces will not produce equilibrium unless 
they act at the same point. Otherwise they form a 
couple (§ 146) and cause rotation. To produce 
equilibrium it is necessary that this couple should 
be counterbalanced by another couple, of equal mo* 
ment, and acting in the opposite direction. Thus, 
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suppose all the forces resolved in one direction are 
equivalent to P and P, acting at A and B^ and all 
the forces resolved in a direction at right angles are 
equivalent to Q and Q, acting at G and D, the 
algebraical sums of the forces in each of these direc- 
tions would separately vanish, and no motion of 
translation would take place. But in order that 
there should be no rotation likewise, it is necessary 
that the moment of P shoidd be equal to the moment 
of Q ; in other words, that the algebraical sum of 
the moments of the forces about any point should 
also vanish. 

Hence the general conditions of equilibrium are 
three : — 

(i) ^1 + ^2 + Xg + = 

(ii) Fi + r^ + r, + = 

(iii) P, jpi + P^pz + Pa 7^3 + •••• = ^ 

where JTj X2 . . . and Zp Fj . . . are the 
components of the force P,, Pj . . . in any two 
directions at right angles to each other, and P\P\, 
Pj Pa . . • are the moments of Pi Pg . . . about 
any iixed point. 

§ 167. Becapitulation. — In investigating the 
conditions of equilibrium when two or more forces 
act simultaneously on a body we have arrived at the 
following results : — 
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In order that there may be equilibrium when — 
(i) Two forces act on a bodj, 

(1) they must be equal in magnitude, (2) 

opposite in direction, and (3) act at 

the same point. 

(ii) Three forces act on a body they must 

(1) either pass through a point, and be 
capable of being represented by the 
sides of a triangle taken in order ; 

(2) or, be parallel, in which case the alge- 
braical sum of the forces and of their 
moments about any point must vanish. 

(iii) Several forces act on a body and 
I. pass through a point. 

They must be capable of being repre- 
sented by the aides of a polygon taken 
in order. 

II. are parallel. 

The algebraical sum of the forces and 
their moments about any point must 
vanish. 

III. act at different points, and in different 
directions. 
The algebraical sums of the com- 
ponents of the forces in each of two 
directions at right angles must 
separately vanish ; and the alge- 
braical sum of the moments of the 
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forces about any point in their plane 
must likewise vanish. 

The three conditions involyed in each of these 
cases are suificient for the equifibrium of a body under 
the action of any number of forces in one plane. 

§ 168. In the solution of problems condition 
(iii) I. very f5pequently enables us to obtain a geo- 
metrical representation of what is sought, although 
the calculation necessary to obtain a numerical solu- 
tion of the problem may in many cases involve a 
higher knowledge of mathematics than the student is 
supposed to possess. 

Examples. — (1) A beam the weight of which 
acts at its middle point hangs from a nail by two 




strings of given length attached to its extremities ; 
required the position of the beam in equilibrium. 

Let the weight act at C, then the forces in equi- 
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librium are the tensions in the two strings and the 
weight; and since these three forces must pass through 
a pointy the beam must so rest that the point C is 
vertically under the nail. 

(2) A rod the weight of which acts at its middle 




point is placed on two smooth inclined planes ; re- 
quired the position of the rod in equilibrium. 

Here the forces acting are W at G, and JR and 
S the reactions of the planes which are perpendicular 
to their sur&ces. These three forces must pass 
through a point, and the problem of finding the 
position of equilibrium can be solved by a purely 
geometrical process, since the angles which E and S 
respectively make with the vertical are equal to the 
inclinations of tihe planes to the horizon. 

(3) A ladder the weight of which is W and acta 
at a point one-third of its length irom the foot, is 
made to rest against a smooth vertical wall, and 



THEORY OF EQUILIBBIUM. 



235 



inclined to it at an angle of 30°, by a force applied 
horizontallj to the foot ; find the force. 

Let F be the force required. Then the forces 
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acting are W at (r, the reaction of the ground R at 
A , and the reaction of the wall R* at B. 

These form two couples which preserve equi- 
librium. By (iii) IH. J' = -B' and J? = TT, and, 
by taking moments about ^,,we have 

Wx^AD^R X GB 



and AJD 
Also B' z 



AG AB , ^» AB ^/Z 

"^ g.;andC5=— ^_. 

F 
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EXAMINATION. 

1. Sbow that if tbree forces act at a point» and produce 

eqnilibriuin, thej must lie in the same plane. 

2. A zod ^ ^, 3 ft. in length, the weight of which acts at 

a point 1 ft from A, is hnng oyer a smooth peg, b j a 
cord 5 ft in length ; find the length of the cozd on 
each side of the peg when the rod is in equilibrium. 

3. Two forces of 10 lbs. and 12 lbs. act along the sides 

^ C, C^of an equilateral triangle ; find their resultant. 

4. I&c forces of 1 Ib^ 2 lbs., 3 lbs., 4 lbs., 5 lbs., and 6 lbs., 

acting at a point, make equal angles with one another ; 
find their resultant 

5. Proye that when two farces act at a point their resultant 

is nearer to the greater force. 

6. Apply the aboye to the case of parallel forces. 

7. Oiye the conditions of equilibrium where two forces act 

on a bodj. 

8. A weight of 10 lbs. is placed on a square board 5 ins. from. 

one side, and 10 ins. from the opposite side, along the 
line that bisects its width. The board is suspended 
at its comers by four yertical strings ; find the tension 
in each string. . 
0. Explain the proposition known as the polygon of forces. 

10. Two equal forces of 8 lbs. act at an angle of 120°; a 

third force of 6 lbs. acts at the same point ftnd at 
right angles to their plane ; find the resultant of the 
three forces. 

11. A leyer with a fulcrum at one end is 8 ft. in length. A 

weight of 28 lbs. is suspended from, the other end. 
If the weight of the leyer is 2 lbs. at its middle 
point at what distance from the fulcrum will an 
upward force of 50 lbs. preserye equilibrium ? 

12. Two forces of 4 lbs. and 8 lbs. act at the end of a bar 
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18 ins. long and make angles of 120^ and 90° with 
it ; find the point in the bar at which the resultant 
acts. 

13. Assuming the parallelogram of forces, show how the 

fulcrum of a lever of any shape may be determined. 

14. What is the condition that two couples may produce 

equilibrium ? 

15. A picture the weight of which is 4 lbs. is suspended 

from a nail by means of a flexible cord. The top of 
the picture is horizontal, and the angle between the 
two parts of the cord is 30° ; find the tension in the 
cord. 



University of London Examination Questions, 

I. MATRICULATION. 

16. State and explain the proposition known as the *Pardllel- 

ogram of Forces.' — Jan. 1869- 
17< A weight of 24 lbs. is suspended by two flexible strings, 

one of which is horizontal, and the other is inclined at 

an angle of 30® to the vertical direction. What is the 

tension in each string? — June 1869. 

18. If two forces acting on a point are represented in magni- 

tude and direction by two sides of a triangle, under 
what circumstances will the third side correctly repre- 
sent their resultant? Forces of 20 and 10 act along 
the sides A B and B C respectively of an equilateral 
triangle ; find the magnitude of their resultant — June 
1869. 

19. Show how to find the resultant of three given forces 

acting on a point ; and prove that to produce equili- 
brium their directions must lie in the same plane. — 
Jan. 1870. 

20. Find the ratio of the power to the weight for equilibrium 

on a bent lever of the first kind, when the forces act 
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at right angles to the amiB. Supposing the arms 
make an angle of 120° with each other, and have the 
relative lengths 1 and 5, find the magnitude and point 
of application of the resultant of the power and weight 
when the lever is in equilibrium. — Jan. 1870. 

21. What is meant by the moment of a force about a given 

point? How is its magnitude determined ?-» June 
1870. 

22. If several forces which do not balance act in the same 

plane upon different points of a solid body one point 
of which is fixed, what condition must be fulfilled in 
order that the body may be in equilibrium? Show 
that this condition cannot be fulfilled unless the fixed 
point is in the plane of the forces. — June 1870. 

23. Show that as the angle between two forces is increased 

their resultant is diminished. — Jan. 1871. 

24. Two forces of the magnitude 5 and 11 act at angles of 

60°, 90°, 120° respectively; compare their resultants 
in the three cases. — Jan. 1871. 

25. A weight of 56 lbs. is attached to a straight lever with- 

out weight, at a distance of 3 ins. from the fulcrum, 
and is balanced in one case by a power of 6 lbs., 
and in another case by a power of 16 lbs. ; find in each 
case the pressure on the fulcrum, and also the distance 
between the points of application of the power and 
weight, when they are applied. 

(a). On the same side of the fulcrum. 

(6). On opposite sides of the fulcrum. 

Show how the answer to each part of the question would 
be affected if the lever weighed 9 lbs., and its centre 
of gravity were at the fulcrum. — Jan. 1871. 

26. Assuming the principle of the Parallelogram of Forces, 

show what must be the relation, in order that there 
may be equilibrium on the inclined plane, between 
the power, the weight, and the pressure against the 
plane. — June 1871. 



THEORY OF EQUILIBRIUM, 239 

27. A pole of 12 it. long, weighing 25 lbs., rests with one 

end against the foot of a wall, and from a point 2 ft. 
from the other end a cord runs hurizontallj to a 
point in the wall 8 ft. from the ground; find the 
tension of the cord and the pressure of the lower end 
of the pole. — June 1871. 

28. A solid roller, with an axle projecting from one end, is 

suspended horizontally by two vertical cords — one of . 
them attached to the end of the roller opposite to the 
axle, the other to the middle of the axle ; the roller is 
4 ft long, and weighs 27 lbs. ; the axle is 1 ft. long, 
and weighs 1 lb. Find the weight supported by each 
cord.-^une 1871. 

29. Show why a lever is in equilibrium when the power and 

weight are to each other inversely as the perpendicular 
distances of their lines of action from the fulcrum. — 
Jan. 1872. 

30. Show how to resolve a given force into two components, 

one of which has a given magnitude and acts parallel 
to a given straight line. 
As a special case, resolve a force of magnitude 12, acting 
horizontally from left to right, into two components, 
one of which is a force of magnitude 25 acting 
vertically upwards.— Jan. 1872. 

31. A man wheels a loaded wheelbarrow along a level road ; 

point out the conditions which determine how much 
of the total weight of load and barrow is supported 
by the wheel, and how much is supported by the man. — 
Jan. 1872. 

32. Three equal forces act in one plane on a point in such 

a way that each of them makes an angle of 120^ with 
each of the other two ; prove that the forces will 
balance. — June 1872. 

33. Employ the above proposition to show that the resultant 

of the forces 7 and 14 acting at an angle of 120® is 
the same as the resultant of forces 7 and 7 acting at 
an angle of 60®.— Jan. 1872. 
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34. Show how it is possible for a sailing ressel to make way 

in a direction different from that of the wind. Why 
cannot a voimd tab be steered at as great an angle to 
the direction of the wind as a long-boat? — Jane 1872. 

35. When a horse is employed to tow a baige along a canal 

the tow-rope is nsoally of considerable length; give 
a definite reason for using a long rope instead of a 
short one. Show whether the same considerations 
hold good in relation to the length of the rope when 
a steam-tog is osed instead of a horse. — June 1872. 

36. If a man wants to help a cart ap hiU is there any 

mechanical reason why he should put his shoulder to 
the wheel, instead of pushing at the body of the cart? 
And if so, show at what part of the wheel force can 
be applied with the greatest effect. — Jan. 1873. . 

37. In a combination of one fixed and one moveable pulley, 

where the power acts horizontally, and the fixed end 
of the string is attadied to the upper block, find the 
direction of the total resultant pressure on the upper 
block, and its magnitude as compared with the power. 
— Jan. 1873. 

38. A body weighing 6 lbs. is placed on a smooth plane, 

which is inclined at 30° to the horizon ; find the two 
directions in which a force equal to the body may act 
to produce equilibrium. Also find what is the pressure 
on the plane in each case. — Jan. 1873. 

39. Two men are carrying a block of iron, weighing 176 lbs., 

suspended from a uniform pole 14 ft. long ; each man's 
shoulder is 1 ft. 6 in. from his end of the pole. At 
what point of the pole must the heavy weight be 
suspended, in order that one of the men may bear J of 
the weight borne by the other? — June 1873. 

40. A heavy plummet is immersed in a stream, the string 

being held by a person standing on the bank. The 
string is found to settle in a sloping position. Show 
by means of a sketch the three forces which keep the 
plumme-»^ in equilibrium. — June 1873. 
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41. State the Parallelogram of Forces. Explain the meaning 

of the terms employed in your statement; apply it to 
show that if four forces acting on a point be represented 
by the sides of a rectangle taken in order, they will be 
in equilibrium. — Jan. 1874. 

42. A substance is weighed from both arms of .an unequal 

balance, and its apparent weights are 9 lbs. and 4 lbs. ; 
find the ratio between the arms. — Jan. 1874. 

43. If in the third system of pulleys (Fig. 40) the pulleys are 

1} in. in diameter, and the strings are parallel and 
attached at given points A, B, and C to the rod sup- 
porting the weight, to what point of the. rod should 
the weight W be attached, so that the horizontal 
direction of the rod may be maintained ? — Jan. 1874. 

44. Explain the meaning of the word Composition and 

Kesolution of Forces, and show how forces may be 
compounded and resolved. A point is acted upon by a 
force whose magnitude is unknown, but whose direc- 
tion makes an angle of 60° with the horizon. The 
horizontal component of the force is known to be 1*35. 
Determine the total force, and also its vertical compo- 
nent. — June 1874. » 

45. Assuming the truth of the Parallelogram of Forces, show 

how to find the position and magnitude of the resultant 
of' two parallel forces, P and Q, acting at difierent 
points of a rigid body. — June 1874. 

46. Two uniform heavy rods, A C, B C^ rigidly connected 

Fio. 95. 
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together, are capable of tuniing round a horizontal 
axis at C; find the mechanical conditions which 
determine the position of equilibrium. — June 1874. 



II. PRELIMINARY SGIEKTIFIC Ist M. B. 

47. To each end of a uniform straight rod 100 ins. long, and 

weighing 12 lbs., is fastened one end of a flexible xj 
string 140 ins. long, to which a weight of 9 lbs. is 
attached at a point 60 ins. from one end. In what 
position will the rod remain in equilibrium about a 
pivot through the middle ? and where must the pivot 
be placed in order that the rod may be balanced when 
horizontal?— 1869. 

48. The extremities of the horizontal diameter of a circular 

disc, weighing 6 ozs., are nailed against a wall, and to 
a point in the edge of the disc at ^ of the whole cir- 
cumference from one of the nails a weiglit of 4 ozs. is 
attached ; find the pressure upon each naiL-^1870. 

49« A rod AB, ^ ft. long, without weight, is hung from a 
point C by two strings which are attached to its ends 
and to the point ; the string AC is 3 ft., and BC iB 
4 ft. in length, and a weight of 2 lbs. is hung from A, 
and a weight of 3 lbs. from B ; find the tensions of 
the strings and the condition of equilibrium. — 1871. 

60. Prove that the sum of the moments of any two parallel 
forces about a point is equal to the moment of their 
resultant about the same point. — 1871. 

51. The weight of a window- sash 3 ft. wide is 5 lbs., each of 

the weights attached to the cords is 2 lbs. ; if one of 
the cords be broken, find at what distance from the 
middle of the sash the hand must be placed to raise 
it with the least effort.— 1872. 

52. The moments of two forces about any point in the line 

of action of their resultant are equal and opposite. 
Deduce from this principle a rule for finding the line 
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of action of the resultant of two given parallel forces ; 
and discuss the result of applying the rule to the case 
of equal parallel forces acting in opposite directions. — 
1872. 

53. Show how to graduate the Roman steelyard, taking 

account of the weight of the instrument. — 1873. 

54. A light smooth stick 3 ft long is loaded at one end with 

8 ozs. of lead ; the other end rests against a smooth 
vertical wall, and across a nail which is 1 ft from the 
wall. Find the position of equilibriuni and the 
pressure on the nail and on the wall. — 1873. 

55. Show that if two forces act upon a body the moment of 

the one about a point in their resultant is equal to 
that of the other about the same point — 1874. 
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CHAPTER yill. 

CENTRE OF GBAYITT. 

XXIV. Properties of Centre of Gramty — Equilthrium 
of a body on a hard surface. 

§ 169. The weight of a body is the force with 
which a body, free to fall, is urged towards the 
earth*s centre; the point at which thU force acts 
is called the centre of weight, or centre of gravity. 
Hence the centre of gravity may be defined as the 
point at which the whole weight of a body may be 
supposed to act. 

If the body be supported at this point the body 
will rest in any position whatever. 

We shall see later that such a point really exists ; 
at present we shall assume that there is a point in or 
with respect to every body, at which the whole weight 
acts. 

§ 170. If a body be suspended at any point 
the Centre of Gravity will be in the vertical line 
drawn through the point of suspension. — ^Let the 
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body be suspended at S. Let W be the weight of 
the body and G its centre of gravity. 

Then TTacts at G vertically downwards. The 
reaction of the point of support is equivalent to a 
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&rce acting vertically upwards at S* For equilibrium 
these two forces must pass through the same point 
(§ 167, 1). Therefore G must be in a vertical line 
with S. In any other position of the body the 
moment of W about S would cause rotation. 



§ 171. Methodof finding fhe Centre of Oravity 
of nnifonn Lamino. — The foregoing property enables 
us experimentally to find the centre of gravity of 
uniform laminae or flat bodies of inconsiderable 
thickness* For if the figure be first suspended at 
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one pointy and then at another pointy die eentie oT 
gravit J will be in tlie revticak daoa^ eadi <if theat 
pointi of Buapennon; and if these Tertical lines b 
marked on the bod|7 their point of interaectico will 
be the cento^e of gnnritj leqniied. 

If the cimtre of gravity be known, we can deter- 

Fig. 97. 




9 

mine the point in the opposite side of the sor&oe 
which will be verticallj under the point of sncfpen- 
sion. For if the line joining the centre of gravitj 
with the point of suspension be produced to cut the 
opposite side, the point of intersection will be the 
point required. 

^172. If a body rest on a hard plane sur&ce, 
it will stand or ftdl according as the vertioal 
from the Centre of Oravity falls within or without 
the base. — The first condition that a body may rest 
on a sur&oe is that the sur&ce shall be stropg enough 
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to support the body. Otherwise the body obeys its 
natural impulse and falls through. If the material 
be sufficiently strong it exerts a force perpendicular 
to its surface, which may be considered as acting at 
some point in the surfece in contact with the body. ^ 
If the vertical through G (fig. 98) &J1 within the base, 
the reaction of the plane will be in the same line with 

Fig. 98. 





the direction of TFand there will be equilibrium. But 
if the vertical through G fall beyond the base, TFand 
the reaction cannot be in equilibrium and the body 
will fall. 

The condition is the same whether a body rests 
on a horizontal or inclined plane. 

§ 173. When it is said that the vertical from the 
centre of gravity must fall within tiie base^ it must 
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be obBerred tliat by the base of a btxiy ia meant the 
line drawn round the points of support. For if a 




body rest on three points of support, as in fig. 99, these 
three reactions wilt have a resultant which in equili- 
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brium passes tibrough O. If the body rests on lAore 
points of support the same holds good. If, however, 
the vertical from O (fig. 100) falls without the circum- 
ference of the points of support, the resultant of the 
several reactions will not pass through G and equi- 
librium will not exist. 



§ 174. Stable, unstable, and neutral Equi- 
librium. — ^Equilibrium may be of three kinds : 

1. The body may be in such a position that if 



Fig. 101, 






slightly displaced it tends, to return to its original 
position, in which case the equilibrium is stable. 

Fio. 102. 




A A 



^ 



\J 






w 



2. Or, it may tend to movejurther away from its 
position, in which case the equilibriiun is unstable. 
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3. Or, it may remain in its new position,' in which 
case the equilibrium is neutral. 

These conditions are illustrated when a body 
rests on a hard surface or when suspended by a 
smooth peg. An egg on either end is in imstable 
equilibriimi, when resting on a longer side it is in stable 
equilibriimi. A sphere or cylindrical roller resting 
on a horizontal surface is in neutral equilibrium. A 
disc suspended at its centre of gravity will rest in 
neutral equilibrium. If suspended at any other point 
there are two positions onli/ in which it will rest In 
the one it fulfils the conditions of stable, in the other 
of unstable equilibrium. These positions are shown 
in figs. 101 and 102 : 

It will be observed that a body when displaced 
assumes a position of unstable equilibrium in passing 



Fig. 103. 




from one position of stable equilibrium into another ; 
and that bodies having several sur&ces on which 
they can rest have positions of stable and imstable 
equilibrium corresponding to each. Hence there are 
some positions in which the equilibrium is idore 
stable than in others. 



GENTBE OF GBAYITT. 251 

§ 175. Position of Centre of Gravity in stable 
and unstable Eqnilibrinm. — When a body is in 
stable equilibrium it will, if slightly displaced, re- 
turn to its original position, and the centre of gravity 
of the body will describe an arc, first rising and then 
falling. If the body be further displaced the centre 
of gravity will gradually rise till it has reached its 
highest position, in which case the equilibrium will 
be unstable. 

Hence, in stable equilibrium the centre of gravity 
occupies the lowest possible position; and in un- 

Fio. 104. 




stable it occupies its highest position ; and therefore 
when a body is at rest its centre of gravity must 
occupy its highest or lowest position. This may be 
illustrated by taking a wooden hoop (^g. 104) on the 
inside and outside of which a groove is cut capable of 
Jiolding a marble. If the hoop be stood in a vertical 
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position it will readily be seen tJiat there are two 
positioDB, and two only, in which the marble can 
leet. It may, widi very great care, be made to rest 
on the summit, and the slightest displacement will 
cause it to roll down ; or it may remain in stable 
equilibrium at the bottom of the hoop. In any other 
position equilibrium, is impoBmble. 

§ 176. A body seemingly in unstable equilibrium 
may really be in stable equilibrium, if by the addition 
of wdg^ts the centre of gravity is brought undex the 




point of support Thus, a half-crown piece will not 
rest with its edge on the rim of a wine-glass ; but if 
two silTer forks hang by their [^ongs to the coia it 
will be found to be supported in stable eqtdlibrinm. 
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In the toy represented in the annexed diagram the 
centre of gravity g is under the point of support, and 
the figure consequently can undergo a certain amount 
of displacement without the equilibrium being de- 
stroyed. * 

§ 177. The energy of a body in its three 

states of Equilibrium. — BeariDg in mind the dis- 
tinction between kinetic and potential energy (§ 74), 
we shall readily see that the potential energy or 
energy of position, which a body possesses, varies 
with its condition of equilibrium. In neutral equi- 
librium, the potential energy is the same for all posi- 
tions of the body. In stable equilibrium the potential 
energy is a minimum ; in other words, the body is 
in the most un&vourable position for doing work; 
whilst in imstable equilibrium the potential energy 
is a maximum, and the application of the smallest 
force can, at once, convert this energy of position into 
energy of motion. A body in unstable equilibrium 
may be s£^d, therefore, so far as its position is con- 
cerned, to be charged with the greatest amount of 
potential energy it can possess. 

§ 178. A body, which is prevented from sliding, 
is on the point of overturning when the vertical 
from its centre of gravity ^Us at the extremity of 
its base, in which case the body is in a position of 
unstable equilibrium. If a body rest on a rough 
plane, and the plane be inclined through such an 
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angle that the vertical from the centre of gravity 
&lls at the edge of its base, any fiirther elevation 
of the plane will cause the body to overturn. 

The inclination of. the plane at which this takes 
place can be easily ascertained. Let G be the centre 
of gravity of a body resting on the inclined plane C Dj 

Fig. 106. 




A M[ 




C F 

in unstable equilibrium. Then if J. i^ be the base 
of the body, the vertical from O passes through A, 
and is at right angles to the horizontal line C E 
drawn through C. If ff -3f be drawn perpendicular 
to ABj the right-angled tiiangles A O M, AC F 
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will have the angle G AM in the one equal to the 
angle C ^ i^ in the other, and consequently the 
remaining angle, A G M, equal to the angle AC F. 
But ACFi% the angle of the plane, and therefore 
the angle at which the plane may be inclined must 
be less than the angle contained by the lines G A and 
G M^ in order that the body may be in equilibrium. 
Or, -the body will be on the point of overturning 
when the angle of the plane is such that 

the height of the plane AM 

the base of the plane GM' 



XXV. Methods of finding the Centre of Gravity of 

Particles and Bodies, 

Different methods have to be adopted for finding 
the centre of gravity of bodies according to their 
form 

We commence with a system of heavy particles. 

§ 179. To find the Centre of Oravity of two 
heavy particles. — ^The weight of each particle A 
and B may be considered as a vertical force, and the 
centre of gravity of the particles is the point where 
the resultant of these two forces acts. In conse- 
quence of the great distance of the earth^s centre 
from the particles A and B^ these two forces may be 
considered as parallel ; and, for the same reason, the 
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weigbta of the particles of all bodies may he regarded 
as parallel forces. 

Join A B, and if Wi and W^ be the weights of 
the two particles, divide A B into W\ + W^ parts, 



Fio. 107. 



w. 



^ 



X^^ 



and mark off A O equal to W^ of these parts, so 

that -— -p= = ■==^ ; then O is the point where 
B O W\ 

IF] + W% acts. I.e., O is the centre oi gravity of the 

particles. 

§ 180. To find fhe Centre of Oravity of a 
number of heavy particle8.-^Since the weights of 
the several particles may be regarded as parallel forces, 
and since the centre of gravity is the point where 
the weight of all the particles may be supposed to 
act, the centre of gravity of the particles coincides 
with the point where the resultant of all these forces 
acts, and may be found in the same way as the Centre 
of a system of parallel forces (§ 140). 
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§ 181. Every material body consists of particles 
which may be considered as so many vertical forces, 
and the centre of these forces is the point where 
their sum, which is equal to the whole weight of the 
body, acts. But the point where the whole weight 
of the body acts is the centre of gravity of the 
body, and therefore the centre of gravity of a body is 
the point at which acts the resultant of all the forces, 
caused by the earth's attraction upon the particles, 
of which the body is composed. 

The centre of gravity of a body is very often 
thus defined ; but it is preferable to start with a 
simpler definition, and one which does not involve 
the word Kesultant and the theory of parallel forces. 

§ 182. We have seen that the position of the 
centre of a system of parallel forces is independent 
of the direction of the forces, and the centre of 
gravity of a body is therefore a fixed point inde- 
pendent of the position of the body, and even of the 
direction of the force of gravitation. 

§ 183. Centre of Gravity of Homogeneous 
and Symmetrical Bodies. — In finding the centre of 
gravity of bodies we shall consider the matter of 
which they are composed to be distributed uni- 
formly, so that the weights of portions of a body will 
be proportional to their volumes. When we speak 
of the centre of gravity of a line, we suppose the 

s 
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line to be a thin heavy rod of uniform section ; and 
when we consider the centre of gravity of a surface 
we suppose the surface to be thin laminae, the 
thickness of which, being uniform, can be neglected. 
Hence, for the weights of thin lamins we may sub^ 
stitute the areas of thin sur&ces. 

If a body be S3niimetrical about a plane, or if a 
surface be symmetrical about a Hne, the centre of 
gravity is in that plane or line ; and the centre of 
gravity coincides with the geometrical centre of all 
figures that have such a point. Hence — 

1. The centre of gravity of a straight line is its 

middle point. 

2. The centre of gravity of a circle or of its cir- 

cumference, or of a sphere or of its sur&ce, 
is its centre. 

3. The centre of gravity of a parallelogranQi or 

of its perimeter is the point in which the 
diagonals intersect. 

4. The centre of gravity of a cylinder or of its 

surface is the middle of its axis. 

§ 184. To find fhe Centre of Oravity of the 
Surface of a Triangle. — ^Let ^ ^ C be the triangle. 
Draw the median line A D from the point A to the 
centre of B Cf and divide it into a certain number 
of equal parts. Through the points qf division D', 
jy^ B'" . • • draw parallels to the base B Cy an4 
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through the points B\ C, J?", C" • . . where the 
parallels cut the other sides, draw lines parallel to 
A D. We thus form a series of parallelograms in- 
scribed in the triangle. The line A D passes 
through the centres 0, 0', 0" . . • of all these 
parallelograms, since it bisects their opposite sides. 

Pio. 108. 




B D c 

If we consider the weights of these parallelograms 

as parallel forces acting at the points 0, 0', 0'* . . . 

the resultant of aU these forces will be in the line 

D, The sum of the parallelograms is less than 

the sur&ce of the triangle, but it can be shown, by 

reasoning similar to that employed in § 26, to 

approach as near to the sur&ce as ever we please, by 

increasing the number of divisions. The centre of 

8 2 
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gravity of all the parallelograms hemg situated in 
A D, it follows that the centre of gravity of the 
triangle is also ia AD, 

In the same way it may be shown that the centre 
of gravity of the triangle is in the median CJS^ 
(fig.109). Hence the centre of gravity of the triangle 
is at G, where the two medians intersect. 

Produce A D to F, making D F equal to D G. 

Fig. 109. 




Produce GE to Hy making F H equal to GE, Join 
B G, BF, and FC', join BH and HA. 

Then, since the lines B C and GF axe bisected at 
Z>, the figure B G C F ia a parallelogram, and B F 
is parallel to C O* For the same reason the figure 
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HA (r ^ is a parallelogram, and HBv& parallel and 
equal \o AG, Since HB is parallel to A F, or A O 
produced, and B F is parallel to HG^ the figure 
£r ^ is a parallelogram 

.\HB^GF. 
But HB=:AG.\AGz=zGF^2GD 

.\ GD^^AD. 

Or, the centre of gravity of the surface of a triangle 
is situated on a median line, and at a distance of ^ 
of its length from the base. 

§ 185. Example. — ^If weights, each equal to P, 
be placed at the angular points J., B^ and C7, the 
centre of gravity of these weights coincides with the 
centre of gravity of the triangle. 

The resultant of the two forces at B and (7 is a 
force equal to 2 P at 2>, and this resultant, combined 
with P at A, gives a force of 3 P at G, such that 
-1 G equals 2 D ff. 

§ 186. To find the Centre of Gravity of the 
Perimeter of a Triangle. — We suppose the triangle 
to be contained by three heavy lines joined together. 

The middle points^', jB', C are the centres of 
gravity of the three lines (§ 183, 1). Join B' C and 
divide it in D, so that 

AB_B'D 

AC CD' 
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Then D is the centre of gravity of the two sides 
AB,AC. 

Join D A\ and diyidle 2) ui' in G^, so that 

DQ _ BC 
GA' AB + A(f 



Fig. 110. 







B A' C 

Then G is the point where the weight of the 
three sides acts, t.e., G is the centre of gravity of the 
perimeter. 

Since — = 4^ and A'Bf:=z\AB', and 

A' C = i ^ C .♦. ^J^. == 4J^ and, therefore, the 

line A' D is known to bisect the angle B' A' C7'. In 
the same way it can be shown that G is situated on 
a line that bisects the angle C B' A', Hence the 
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centre of gravity of the triangle is situated at tlie 
centre of the circle inscribed in the triangle A* B! C 

§ 187. to find the Centre of Oravity of any 
rectilinear fi§^iire.-^When a rectilinear figure can 
easily be divided into triangles, its centre of gravity 
can very frequently be found by finding the centre of 




gravity of each of the triangles, and compounding 
the forces acting at these points by the method given' 
in § 140. 

Thus, suppose A B C D E & rectilinear figure. 
Divide it into three triangles by lines drawn through 
A, Draw the median lines AK, AL, AM, Then 
the centre of gravity of triangle A B C is at g^ of 
triangle AC D a,t g^i ^^^ ^^ triangle ADE a,t g^. 
Join ^1, g^ and divide the line in (T' so that 
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g^ Cy _AACD 



G' g^ A ABC. 

Join G' ^3 and divide this line in G, so that 

G'G_ AADE 

Gg^ AAGD + AABC. 

Then G is the centre of gravity required. 

This method ia theoretically possible; but in 
many cases the centre of gravity can be found by a 
method involving fewer mathematical difficulties. 

§ 188. Examples— (1) To find the centre of 
gravity of half a regular hexagon. — ^Let D ABCh^ 




D P O K C 

half a regular hexagon. Then the sides D A^ AB^ 
B G are all equal, and if bisects D C, and- A and 
B are joined, the figure is divided into three equi- 
lateral triangles. Draw the median lines AF, My 
B K. These are parallel, and perpendicular to D C 
otAB, 

The centre of gravity of A J. 2> is at ^i where 
A ^1 = 2 Fgi ; the centre of gravity o£ ABO C lA 
at g^ where Bg2 = 2 Kg^. 
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Join ^1 g^. Then, since these triangles are equal, 
their centre of gravity is at a point Cr^ which bisects 
the line g^ g^. This point, therefore, is on the line 



O M, and G' 



- M. Now, the centre of 



gravity of the A A i? is at g^ where Mg^ = ^OM, 

and therefore M g^ =s G^ =i & g^. Divide G' g^ 
in 6^ so that 

G'G _ AAOB _1 

Gg^ ^ADO+ ^BOG 2. 

Then G is the centre of gravity required, and 
0G= OG^+G' GorOG^^OM. 

(2) To find the centre of gravity of a figure 

Fig. 113. 

F 




which consists of half a regular hexagon,. having an 
isosceles right-angled triangle on its longest side. 
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Let A B C D E he the figure wluch is sym* 
metrical about tHe line E F. The centre of grayity 
is tlierefiore Bomewhere in the line E F* 

l^AB:=a:=BC:= CD. 
Then AD = 2 a sad RE = a. 

Hence the area of the haK-hezagon is 3 — 1— — 

_ 8 a« ^ 3 

4 \ 

The area of triangle AD E equals 

Let gi be the centre of grayily of half -hexagon, 
^eaHgi^^FH. 

Let g^ be the centre of gravity of triangle, then 
Hg%^^HE. 



Divide g^ g^m O, ao that 

^^ = 3 a^ ,/ 3 = 



Gg2 ^^ 3V3 

Then O is the centre of gravity required. Let 
^1^2 = 5 and Ogi = a?, 

then 5 = .*, X = 



5-0? 3^3"* 4 + 3a/3' 

where * - Ji^^+ J-^^= (f ^ +-J> = 
2 a/3 + 3 



• a. 
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Hence Ggi=i. g-^j^- «. '!"<* gives the 

distance of the centre of gravity from ^|. 

To find the distance of G from Hj we can 
subtract O gi from ffgi which gives 

^<?=l(3/3-4)a. 

We can also take moments about ff. Then, since 

the moment of the resultant equals the sum of the 

moments of the forces, we have area A B C D 

X Hg^ "^axesiAED x Hg2=^'wholeaTe& x H O. 

4 9 2 8 V 4 / 

The application of this method will be further 
considered in the next lesson* 



EXERCISES. 

1. If a paiallelogram be suspended at a point in one of its 

sides, what point will be vertically under the poii^t of 
suspension ? 

2. A circular tower, the diameter of which is 20 ft., is being 

built, and for eyery foot it rises it inclines 1 in. from 
the vertical ; what is the greatest height it can reach 
without falling ? 

3. A circular table weighs 20 lbs. and rests on four legs in its 

circumference forming a square; find the least pressure 
that must be applied at its edge to overturn it. 
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4. Two weights of 17 lbs. and 13 lbs. are connected together 

by a weightless rod ; at what point'must the rod be sup- 
ported to rest in any position whatever ? 

5. A solid cube rests on a rough plane; through what angle 

may the cube be inclined before the cube overturns? 

6. An equilateral triangle stands vertically on a rough 

plane ; find the ratio of the height to the baae of the 
plane when the triangle is on the point of over- 
turning. 

7. A triangular board weighing 30 lbs. is carried by 3 men, 

each standing at one of the comers ; what weight does 
each bear? 

8. Four weights of 3 ozs., 4 ozs., 5 ozs., and 6 ozs. are placed 

at the comers of a square ; find the position of their 
centre of gravity. 

9. To one corner of a heavy square an equal weight is 

attached ; where must it be suspended by a single 
string to rest horizontal ? 

10. Find the centre of gravity of a triangular Iklnina, to two 

comers of which weights, respectively equal to half the 
weight of the triangle, are attached. 

11. A ladder 20 ft. long weighs 60 lbs. ; its centre of gravity 

is 8 ft. from the thicker end ; it is carried by two men, 
one of whom supports the heavier end on his shoulder; 
where must the other stand that the weight may be 
equally divided ? 

12. Weights of 1 oz., 2 ozs., 3 ozs. are placed at the comers of 

an equilateral triangle ; find their centre of gravity. 

18. An isosceles triangle rests on a square, and the height of 
the triangle is equal to a side of the square ; find the 
centre of gravity of figure thus formed. 

14. Find the centre of gravity of a figure in the shape of a 
kite, formed by two isosceles triangles put base to 
' base. The extreme width of the kite is 4 fb., and the 
heights of the isosceles triangles are 2 ft. and 4 fL re- 
spectively. 
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15. GTwo particleB weighing 4 ozs. and 10 ozs. are joined toge- 

ther by a Tiniform rod weighing 3 ozs. ; find at what 
point the rod must be supported to rest in any position 
whatever. 

16. Find the inclination of a rough plane on which half a 

regular hexagon can just rest in a vertical position with- 
out overturning, with the smaller of its parallel sides in 
contact with the plane. 



XXVI. — Methods of finding the Centre of Gravity 
of bodies joined together and of parts of bodies, 

§ 189. Oiven fhe Centre of Gravity of each 
of two bodies, to find the Centre of Gravity of 
both together. — The centre of gravitj of both 
bodies can be found by joining the centres of 
gravity of the two, and dividing the line thus drawn 
into two parts in the inverse ratio of the weights of 
the bodies. The process is the same as in finding 
the centre of gravity cf two heavy particles. 

§ 190. Example. — Two cylinders with circular 
bases have a common axis ; the radius of the one is 
4 inches and the altitude 6 inches ; the radius of the 
other is 3 inches and the altitude 8 inches; find 
the centre of gravity of both. 

Since the volume of a cylinder is equal to tt t** A, 
where r is radius of the base, and h the height, the 
volume of the one cylinder is tt x 16 x 6 and of 
the other tt x 9 X 8. 
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The distance ^1^2 = 7 inches. If & be the 
centre of giavily required 

,% ^j (7 = 3 inches ; 

or their centre of gravity is at the point in the axis 
where they touch. 

Fig. 114. 



f 



r. 



9m 




The centre of grayity of several bodies joined 
together can be found in the same when their 
several centres of gravity lie on the same straight 
line; otherwise the problem generally presents 
numerical difBculties. 

§ 191. Example. — To find the centre of gravity 
of three imiform rods joined together so as to form the 
letter P, the lengths of the rods being as 1 : 3 ; 6, 
and their thickness neglected. 

Let the length of the vertical rod be 6 inches^ 
the horizontal rod 3 inches, and the small central 
rod 1 inch. 
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Take gi g^ and diyide it in G^, in the ratio of 1 : 2. 
Then the centre of gravity of these two rods is at (?'. 
Draw a vertical through &. This bisects the 
central rod and passes, therefore, through its centre 




of gravity. Mark off -^ oi g^& from g^j and 
the point G thus determined is the centre of gravity 
required. 



§ 192. Given fhe Centre of Gravity of a whole 
figure and of a part of it cut off, to find the 
Centre of Gravity of the remainder. — ^Let W be 
the weight of the whole figure and C its centre of 
gravity. Let w be the weight of a part, and g its 
centre of gravity. Then W^w is the weight of 
the remainder. 
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Join Cg and let the centre of gravity of the 
remainder act at some point G. 



Fig. 116. 




Produce C g to some point A. Then, by the 
principle of moments, 

WxAC==tvxAg + {W^w)xAG 
. Ajy^WxAC — wxAg 

§ 193. Example. — To find the centre of gravity 
of the remainder of- a square, out of which, one of 




the triangles formed by the diagonals has been 
taken. 

The figure that remains is symmetrical about 
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the line L M, The centre of gravity is therefore in 
that line. 

Let the side of the square be a. Then, the area of 

the whole square is a^ and its centre of gravity is at C ; 

a* 
the area of the triangle is --- and its centre of 

gravity is at D ; and the area of the remainder is 
— and let its centre of gravity be at G. 

Taking moments about Jf, we have 

4 4 

... ?=l/? + «W^if(7 
2 4 V2 Sy 4 

/. MG=^ay 

or G is situated -J- of a from C. 

The centre of gravity of this figure might have 
been easily determined by finding the centres of 
gravity of each of the triangles of which it is com- 
posed. 

§ 194. Oeneral method of finding the Centre 
of Gravity of a number of particles or bodies. — 
Let Wij 1(^29 ^3 • • • be the weights of several 
particles or bodies, x^, X2, x^ , , , the distances of 
their centres of gravity from a fixed line y ; and 
l/if y%j t/z • • • the corresponding distances from a 

T 
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line Ox at right angles to Oy; then if JTand F be 
the req)ective distances of their centre of gravity 
from these lines 

Y^_^ WiXi + W2X2 + w^x^ + . 



and Y = ^1 ^i +^^2^2 + t^a .Va + 



w^i + W?2 + «^3 + 
Let X and B be the centres of gravity of two 
particles or bodies whose weights are w^ and w^. 

Fig. 118. 




Let the resultant of w^ and W2 act at Gx. Draw 
the lines A L, Gi N, B M parallel to a?, and 
AEj GiF parallel to Oy. 

Then w^ x A G^ = W2 x B Gi 

/. ici X AE = W2X GiF 
or Wi X (ON ^ 0L) = W2 X {OM- ON) 
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or ON=i — 1 . 

Let C be the centre of gravity of another body, 
the weight of which is w^. Join C Gi. 

Let O2 be the centre of gravity of (utj + w 2)2X0 1 
and of Wa at C Draw O^Q^C P parallel to x. 
Produce GiFio K, and draw G2 H parallel to y. 

Then (u?i + ^2) X GxG^^iJo^ x G2G 

/• («?i -f ti^a) X (ti -K" = t^3 X ^2-0^ 
/.(uTi +w,)(OQ- ON) = w^ y (OF'-OQ) 

=swi X OL + W2 X M + w^ X OP 

• QOss ^^1 X OL 4- W2 X OM -{• w^ X OP 

In the same way it may be proved for any num- 

berofpointsthatJr=^»^»+"^2^« + u'8^3+ • • • 

tCi + W2 + W3 + . . . 

where X is the distance of their centre of gravity 

from Oj/. K we draw lines from A, B, and C 

parallel to Oy and measure along Xj the same kind 

of reasoning will prove that 



• • • 



Where Y is the distance of the centre of gravity of 
the whole system from the line x. 

By the aid of this proposition, which is the most 

T 2 
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general we have proved, the centre of gravity of 
several particles that do not lie in the same straight 
.line can conveniently be found. 

§ 195. If the particles are not in the same plane, 
and Ziy z^y z^j be their respective distances from a 
fixed plane, it is equally true that 

^ — * ^l -^1 + *^2^2 + ^9^Z + ■ • • 
^1 4" ^j + ^3 "h • • • 

where Z is the distance of their centre of gravity 
from the plane. 

§ 196. Example.— From ttfe point D (^g. 119) 
which bisects A C, one of the sides of the equilateral 
triangle A B C,Sk straight line DE ia drawn perpen- 
dicular to the base cutting off the triangle DEC. 
Required the centre of gravity of the figure AD E B. 

Take B Cba one fixed line, and B C at right 
angles to it. Find gi^ the centre of gravity of the 
whole triangle, and ^2 ^^ ^^® P*^^« Then BF=Xi 
and JB^= oj^ and Fg^ =yi, and Kg^ =^2- 

The area of the whole triangle equals m;j =— - 

St 

where BC=i a and AF = h; the area of the small 

triangle equals w^^^ -^ =^ -5- ; the area of the 

8 io 

7 
remaining figure equals m^i — 1^2 = --^ a h. 

Then, if ff be the centre of gravity required, and 
5if = Z, and G if = F, we have. 
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2 16 

— ah 
16 

S^BF'-BK 
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and 



-BJP=?; saidBK=:%a. 
2' 6 

A 5 

4a — -a 

7 42 




&milarl7, O M ^ Y ^1EIl^l£33 >^ 
and i^S'i = 3 ^ and ^^a = g"^ » 
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• y 42 



Hence the centre of gravity is at a point Oj where 
42 42 

§ 197. To find the Centre of Gravity of the 
Surface of a Cone. — If two points a and h be taken 
in the circumference of the base of the cone, and 
each of these points be joined with C, the vertex. 




the figure thus formed may be regarded as a triangle 
if the points a and h be suf&ciently near one another. 
The centre of gravity of the sur&ce of this triangle 
is at a point g, one-third up the median line Cd. 
Now, the circumference of the base may be regarded 
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as a polygon with an infinite number of infinitely 
small sides ; and the surface of the oone may there- 
fore be supposed to consist of an infinite number ot 
such triangles, SLsCab, If a circle be drawn through 
g parallel to the base, the centre of gravity of each 
of these triangles will lie on the circumference of this 
circle, and therefore the centre of this circle will be 
the point at which the weight of the sum of these 
triangles acts, i,e., the centre of gi-avity of the surface 
of the cone. But the centre of this circle is at G, 
where D G is equal to one-third of D C; therefore 
the centre of gravity of the surfiu;e of a cone is at a 
point in the axis at a distance of one-third of the 
axis from the centre of the base. 

§ 198. If r be the radius of the base, and h the 
height of the cone, the area of the sur&ce can be 

shown to be equal to ir r ^ h* + r\ or half the cir- 
cumference of the base into the slant side. 

§ 199. Centre of Gravity of a Pyramid. — Since 
a pyramid may be supposed to consist of a number of 
parallel discs or fiat prisms of the same shape as the 
base, lying one on the other, the centre of gravity 
of all these discs, and therefore of the pyramid, must 
be situated in the line joining the centre of gravity 
of the base with the apex of the pyramid, and it can 
easUy be shown to be at a distance of one-fourth of 
this line from the base. 
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Thus, if C be the centre of gravity of the base of 
a p3rramid, and A be its apex, and if ^ C be joined, 




and C G he marked oiF equal to one-fourth of (7-4, 
then G is the centre of gravity of the pyramid. 

§ 200. Centre of Gravity of a Cone.— If the 
sides of a pyramid be increased without limit the 
pyramid becomes a cone. The centre of gravity of 
a cone is found, therefore, in the same way as that of 
a pyramid, by joining the apex of the coniB with the 
centre of gravity of its base, and measuring one- 
quarter of this line from the base. 
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EXERCISES. 

1. A heavy wire is bent in the form of a right angle, and 

one arm is twice the length of the other. At the 
angular point a weight equal to half the weight of the 
whole wire is fixed ; find the centre of gravity of the 
system. 

2. A uniform rod weighs 8 ozs., and to one end is attached 

a weight of 12 ozs., and to the, other a weight of 6 ozs. ; 
the rod is 20 ins. long ; where must it be supported to 
rest in a horizontal position ? 

3. A cylinder the diameter of which is 10 ft., and height 

60 ft., rests on another cylinder, the diameter of which 
is 18 ft., and height 6 ft. ; and their axes coincide ; 
find their common centre of gravity. 

4. An equilateral triangle rests on a square, and the side 

of the triangle is equal to the side of the square ; find 
the centre of gravity of the figure thus formed. 

5. Into a hollow cylindrical vessel 11 ins. high, and weighing 

10 ozs., the centre of gravity of which is 5 ins. from the 
base, a uniform solid cylinder 6 ins. long, and weighing 
20 ozs., is just fitted; find their common centre of 
gravity. 

6. From a uniform circular disc another disc, having for 

its diameter the radius of the first circle, is cut away ; 
find the centre of gravity of the remainder. 

7. From a square the side of which is 6 ins. a comer square 

is cut away, the side of which is 2 ins. ; find the centre 
of gravity of the remainder. 



EXAMINATION. 



1. Define the centre of gravity of a body, and give an ex- 
perimental way of finding the centre of gravity of a 
uniform lamina. 
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2. A heayy wire is bent at its middle point, so as to contain 

an angle of 60^ ; it is suspended from one of its ends ; 
find its position in equilibrium. 

3. Explain how it is that a long rod is more easily balanced 

on its end fh&n a short one. 
^, AB CD is a square; CB is produced to £*, and on EB 

is described a square, li BE ^^ AB, find the centre 

of gravity of the figure thus formed. 
6. l^nd the height of a cylinder which can just rest on an 

inclined plane the angle of which is 60® ; the diameter 

of the cylinder being 6 ins. 

6. Define stable, unstable, and neutral equilibrium. Can a 

body have more than one position of stable equilibrium 7 

7. How is the potential energy of a body connected with its 

state of equilibrium ? 

8. From a rectangle 8 ins. by 5 ins. a comer rectangle is cut 

out 2 ins. by 3 ins. (2 ins. from the side of 8 ins.) ; find 
the centre of gravity of the remainder. 

9. A rectangular board 6 ins. by 8 ins., and weighing 2 ozs., 

is hung up from one of its angular points ; to the 
extremity of the adjacent short side a weight of 8 oes. 
is attached ; find the position in which the board hangs 
• in equilibrium. 

10. ^ cylindrical vessel weighing 4 lbs., and thJ9 internal 

depth of which is 6 ins., will just hold 2 lbs. of water. 
If the centre of gravity of the vessel when empty is 
3*39 ins. from the top, determine the position of the 
centre of gravity of the vessel and its contents when 
full of water. — Matriculation^ Univ. Lond.f Jan. 1869. 

11. Two uniform cylinders of the same material, one of them 

8 ins. long and 2 ins. in diameter, the other 6 ins. 
long and 3 ins. in diameter, are joined together, end 
to end, so that their axes are in the same straight line. 
Find the centre of gravity of the combination. — lb., 
June 1869. 

12. Two heavy particles, weighing respectively 3 and 5 ozs.. 
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are attached to the ends of a straight rod 8 ins. long, 
weighing 2 ozs ; find the centre of gravity of the 
system. — Matriculation, Univ. Lond., Jan. 1870. 

1 3. What condition must be fulfilled in order that a body 

may be in equilibrium upon a hard smooth plane 
surface?— 76., June 1870. 

14. Four heavy particles of the relative weights 2, Z, 4, 5 

are placed at the comers A, B, C, D respectively of a 
horizontal square board ; find the common centre of 
gravity of the four particles. 
Show whether the centre of gravity would change if the 
board were inclined. — lb., Jan. 1871. 

15. Give examples of bodies in stable, unstable, and neutral 

equilibrium. If a body be in stable equilibrium how is 
its centre of gravity affected by a small displacement 
of the body ?—Ib., June 1873. 

16. A trapezium, having two parallel sides, which are 4 and 

12 fb. long, and the other sides each equal to 5 ft., 
is placed with its plane vertical, and with its shortest 
side on an inclined plane ; find the relation between 
the height and base of the plane when the trapezium 
is on the point of falling over. — Preliminary Scientific 
Ut M. B., 1870. 

17. Find the centre of gravity of three equal rods, AB,AC, 

and A 2), in the same plane, and diverging from the 
point A, each of the angles BA C7and CAL being 
one-third of a right angle. — lb., 1871. 

18. Weights of 2, 3, 2, 6, 9, 6 kilogrammes are placed at the 

angular points of a regular hexagon taken in order ; 
determine the position of their centre of gravity. — R., 
1874. 



APPENDIX. 



A. 

EXAMINATION PAPERS SET AT 
VARIOUS INSTITUTIONS. 



1. Matriculation Examination, January 1875. 
(^Friday, January 15.) 

Natural Philosophy. 

1. State and exhibit the mechanical conditions of 

equilibrium, when a beam A B, of uniform thick- 
ness and density, rests with one extremity against 
a smooth vertical wall, and the other against a 
smooth hemispherical bowl. [§§ 167-8.] 

2. In a system of pulleys in which a separate string 

passes round each pulley, it is found that when 
the power and the weight are in equilibrium and 
the power is caused to descend through 8 ft., 
the weight rises through 1 ft. Can the mechani- 
cal advantage of this arrangement ever be as much 
as 8 ? Give reasons for your answer. [§§ 83, 97.] 

3. Equal weights (each 1 oz.) are placed at the angular 

points of a heavy triangular lamina and also at 
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the middle points of the sides. Find the position 
of the centre of grayitj of the plate and weights. 

4. A river one mile broad is running downwards at the 
rate of four miles an hour, and a steamer moving 
at the rate of eight miles an hour wishes to go 
straight across. How long will the steamer take 
to perform the journey, and in what direction 
must she be steered P [§ 24. — 8*66 mins.] 

6. A rifle-bullet is shot verticallj downwards from a 
balloon at the rate of 400 ft. per second. How 
many feet will it pass through in two seconds, and 
what will be its velocity at the end of that time, 
neglecting the resistance of the air, and estimating 
the acceleration due to gravity at 32 P [864 ; 464 ft. ] 

6. It is stated that, because the earth rotates on its 
axis, a lump of lead weighs less in Ceylon than in 
Spitzbergen. Explain the statement [§§ 29, 46.] 



2, Science and Art Department of the Committee of 
Council on Education, South Kensington. 

Theoretical Mechanics. 

* 

1. Where is the centre of gravity of a triangle situ- 

ated? 

2. A body is, in shape, a sphere, but loaded in such a 

manner that its centre of gravity is not at its 
geometrical centre ; when it is placed on a hori- 
zontal plane, what are its positions of stable and 
unstable equilibrium P 

3. Three forces of 2, 10, and 12 units act along parallel 

lines on a rigid body; show how they may be 
adjusted so as to be in equilibrium. 
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, 4. What is meant by the sensibility of a balance ? 

I Other conditions being the same, why is the 

sensibility less the greater the weight of the 

beam P 

5. Two forces of 10 units each act on a body along 

parallel lines, and in opposite directions; why 
would it be impossible to balance these forces by 
any one force ? 

6. A CBia A bent lever with its fulcrum at C, the 

angle A CB ia a right angle, the arms A C and 
B C are ICX and 7^ long, and ^ C is in a vertical 
position ; a horizontal force of 21 units, acting at 
Af is balanced by a vertical force (P) acting at B ; 
find the magnitude of P, and the pressure on the 
fulcrum, and show in a diagram the line along 
which the latter force acts. 

7. State exactly what is meant when the velocity of a 

body is said to be uniformly accelerated. The 
acceleration of a body's velocity is denoted by 5, 
the units being feet and seconds ; what fact is ex- 
pressed by this number 5 ? 

8. A body moves from a state of rest, and at the end of 

8 sees, has a velocity of 3(y a second ; its velocity 
is known to have been uniformly accelerated ; how 
far did it go in the 8 sees.? Supposing the 
motion to continue under the same conditions, 
how far will it go in the next 8 sees. P 

9. The mass of a body is 10 lbs. ; at a given instant it 

is moving at the rate of 40^ a second ; from this 
instant a constant force is made to act on it in a 
direction opposite to that of the motion, which 
brings it to rest after it has described 18^; what 
was the magnitude of that force ? What unit of 
force have you used in stating the answer P 
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10. The force of gravity on a given mass is sensibly dif- 
ferent at different places on the earth's surface ; 
state briefly how this can be shown to be the 
case. 

21. Investigate a formula for the position of the centre 

of gravity of a trapezoid, having given the lengths 
of the two parallel sides, and that of .the line 
joining their middle points. 

22. In the case of two forces which act along intersecting 

lines, show that the sum of the moments of the 
; forces with respect to any point in the plane of 
the lines equals the moment of their resultant with 
respect to the same point. [It will be enough to 
consider one case.] 

What assumption must be made respecting the 
signs of the moments, in order that the above 
statement may include all cases ? 

23. A heavy point is suspended by a thread from a 

fixed point, and rests against a smooth inclined 
plane ; the inclination of the thread to the vertical 
and that of the plane to the horizon is 80°; deter- 
\ mine the pressure on the plane and the tension of 
the thread in terms of the weight of the point 

24. A body rests on a rough horizontal plane; deter- 

mme the direction of the smallest force that would 
make the body slide. Under what circumstances 
would a smaller force overthrow the body ? 
26. An inclined plane has a base 120' long and 60^ high ; 
the co-ei&cient of friction between it and a body 
weighing 56 lbs. placed on it is 0*6 ; how many 
units of work are required to draw the body up 
the plane, and how many to draw it down the 
plane? 
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27. Two bodies, whose masses are 2 cwt. and 96 lbs. 
respectiyely, move from rest mider the action of 
constant forces ; the former is fomid to describe 8^ 
in the first three seconds of its motion, the latter 
6' in the first two seconds of its motion ; find the 
ratio of the former force to the latter. 

28« A body falling from rest and moving freely in vacuo 
describes 336' in one second ; for how long had it 
been moving before the beginning of that second ? 



3. College of Preceptors, Pupils' Examination^ 

Christmas^ 1874. 

Mechanics. 

1. State the proposition termed the Triangle of Forces. 

A triangle AB Cy formed of three iron rods, 
has the points A and B fixed to two points in a 
vertical post, and at weight of 1 ton is suspended 
from C: having given AB^A ft., -4 C=20 ft, 
and ^ Cb 18 ft, find the tension in B C, 

2. A rod 4 ft. long has a weight of 2 lbs. at one end, 

3 lbs. at \6 in. from the end, 4 lbs. at 27 in., 5 
lbs. at 40 in., and 8 lbs. at the other end ; find at 
what point the rod must be supported to remain 
horizontal. 

3. Mention the principal properties of the Centre of 

Gravity of a body. 

A solid whose ends are squares 21 in. by 21 in.^ 
and whose faces are parallelograms, the length of 
the shorter side of each being 21 in., and that of 
the longer 35 in., is just on the point of falling over 
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when placed on a level table. Find the height of 
the solid. 

4. What power must ft man weighing 1^ lbs. exert to 
lift; himself by a pair of pulley-blocks^ eadi con- 
taining two wheels P 

6. Find the relation between the power and the 
weight when a load is sustained by a screw 
turned by a leyer. 

6. A body is projected yertically upwards with a 

velocity of 60 ft. per sec. (i) How long will it 
be rising 11 ft. ? (ii.) What will be its greatest 
elevation ? (iii.) How long will it be before it 
returns to the starting-point F 

7. State Newton's Second Law of Motion. 

A weight of 16 lbs. is attached by a string to 
the car of a baUoon which is ascending with an 
acceleration of 10 ft. per sec. : find the tension of 
the string. 



4. University of Oxford^ Local Examination, Thurs- 
day, June 4, 1874. For Junior Candidates, 

Mechanics and Mechanism. 

1. How is the resultant of two given forces found 

geometrically, (1) when they act at the same 
point and include a given angle ; (2) when they 
are parallel and act in opposite directions P 
The resultant of two forces inclined at an angle 

of 135^ is 2f and one of the forces 2^/2 f find the 
other. 

2. Enunciate the principle of the Triangle of Forces. 

A weight of 10 lbs. is suspended by two strings 
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attached at their upper ends to two points in the 
same horizontal line ', their lengths being 39 and 
62 in. respectively; and the angle between them 
being 90°; find the tension in each. 

3. Define Centre of Gravity. 

Find that of a plane figure composed of a 
square with an equilateral triangle described on 
one of its sides. 

4* Determine the inclination of a smooth inclined 
plane when a force of 6 lbs. along it will just 
sustain a weight of 10 lbs. upon it. 

What would the coefficient of friction be, sup- 
posing the plane just rough enough to hinder 
the weight slipping down when left to itself ? 

5. Describe Attwood's machine. 

It is found that when the weights are 119 and 
121 grs. respectively the distance passed over 
in the third sec. is 8 in. ; determine the value 
of ^. 

6. A stone is thrown vertically upwards with a 

velocity of 48 feet per second ; find how high it 
will apcendy with what Telocity it will return to 
the earth, and the whole time of motion. 



For Senior Candidates. 

1. Define the terms — Moment of a Force, Momentum, 

Angular Velocity. 

Assuming the parallelogram of forces, find the 
conditions of equilibrium of any number of forces 
acting at one point and in the same plane. 

2. Five forces acting at one of the angular points of an 

equilateral and equiangular hexagon are repre- 
sented in direction and magnitude by the straight 

V 2 
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lines which jmn that point to the other angles of 
the ^guie ; find the lesaltant. 
S. If pandlel forces of given magnitude are applied at 
fixed points, show that their resultant passes 
through a point the position of which is inde- 
pendent of the direction of the forces. 

4. Find the centre of grtmij of the remaining portion 

of a square, when one comer has been cut off 
along a line joining the middle points of two 
adjacent sides. 

5. If a right circular cone will just rest <m its side 

upon a table with its vertex projecting over the 
edge of the table to the distance of ^ of the slant 
side, find the ratio of the altitude to the radius of 
the base. 

6. A weight of 1 cwt b supported on an inclined 

plane, whose inclination to the horizontal plane u 
46^, by a string which passes over a pulley at the 
top of the plane and has a weight attached to it. 
Find the least possible value of the supporting 
weight when the coefficient of friction is ^, and 
its value when the plane is smooth. 

7. Explain the principle of ' Virtual Velocities.' 

Find the relation between the power and 
weight in the cases of the lever, screw, and wind- 
lass. 

8. How is it shown that the velocity of a body, moving 

from rest in vacuo under the action of a constant 
accelerating force, is proportional to the time it 
has been in motion, and that the space passed 
through is proportional to the square of the time P 

9. A particle is let fall from a given height, and at the 

same moment another particle is projected ver- 
tically upwards ; if the two particles are at the 
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same height just as the second comes to rest, find 
how long one will reach the ground before the 
other. 



5. University of Cambridge, Local Examinations, 

December 1873. 

Mechanics. 

1. Define force, and show that forces maj be properly 

represented bj straight lines. 

2. Enunciate the theorem known as the ' Triangle of 

Forces/ and deduce it from that known as the 
* Parallelogram of Forces.' 

A rod is supported by two strings attached to 
its extremities. One of the strings is fastened to 
a small ring, and the other passes through the 
ring abd is gradually lengthened ) show that the 
centre of gravity of the rod will describe a straight 
line. 

3. Define the term * Centre of Gravity.' 

The centre of gravity of a body and of a por- 
tion of it being given, find the centre of gravity of 
the remainder. 

A circular plate has a circular piece removed 
from it, the diameter of the piece being half that 
of the plate ; find the position of the centre of 
gravity of the remainder, the edge of the piece 
removed passing through the centre of the plate. 

4. A rod of uniform thickness has one-half of its 

length composed of one metal, and the other half 
of a different metal. The rod will balancei about 
a point distant one-third of its whole length from 
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one extremity. Compare the weights of equal 
Tolumes of the two metals. 

5. Describe the common (Roman) steeljaid and ex- 

plain the mode of giadoatrng it. 

6. find , the ratio of the power to the weight in that 

system of pulleys in which a separate string passes 
round each pulley^ the weights of the pulleys 
being neglected* 

If the power be equal to the weight, find the 
weight of a pulley in the above system, njwiitning 
that all the pulleys are of the same weight. 



6. Royal College of Surgeons of England, Prelinu 
inary General Examination^ Midsummer 1874. 

Mechanics. 

1. Explain clearly the mode of representing pressures 

by lines^ and how this mode is used in finding the 
resultant (i.) of two pressures acting at a pointy 
(ii.) of three pressures acting at a point. 

2. A peg driven into the centre point of a square wall 

of a room is pulled at with two strings, the pull 
on one being represented by the vertical from the 
peg to the ceiling, that on the other being repre- 
sented by the slant line from the peg to the right 
hand lower comer of the waU. Find (i.) the line 
representing the force which, if applied when the 
other two were removed, would produce just the 
same stress on the peg as they by their joint 
action do ; and (ii) the line representing the force 
which, if applied v^ith the other two^ would take 
all stress off the peg. 
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3. It is said that the 'six simple machines are the 

Lever, the Wheel-and-Axle, the Pulley, the 
Inclined Plane, the Wedge, and the Screw.' 
Point out that some of these machines are merely 
modified forms of others. Wh y are they sometimes 
termed Mechanical Powers P 

4. Sketch any system of two moveahle pulleys, and 

point out hot7, hy using such a system, mechanical 
advantage would he derived. 
6. Distinguish the three different kinds of Levers, and 
give an example of each, descrihing it so as to 
show clearly that it is an example. 

6. State the conditions for the equilihrium of pressures 

acting on a lever. 

If a walMng-stidc he supported near one end hy 
passing that end over the thumh and under the 
fourth finger, it is noticeable that the pressure 
perpendicular to the stick which must he exerted 
hy the fourth finger is greater when the stick is 
held horizontally than when in any slanting posi- 
tion. Explain this fact clearly on mechanical 
principles, with the help of a diagram. 

7. Define the term Centre of Gravity. How is the 

idea of. the centre of gravity used in making cal- 
culations where the weights of bodies are to be 
taken into account P 

A scaffold-pole 60 ft. long balances on a log 
put under it 35 ft. from one end, and it also ba- 
lances on the log put under its centre when a boy 
weighing 90 lbs. is sitting on it at one end and a 
man weighing 160 lbs. at the other; find in 
round numbers the weight of the pole. 

8. Explain clearly on mechanical principles why a 

loaded wagon going obliquely across a declivity 
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may torn oyer^ while if the same load could be 
compressed, the wagon might safely pass the 
same spot iu the same course. 
9. A machine is started verticallj into the air with a 
yelodty of 60 ft. per minute, haying a flying ap- 
paratus attached to urge it yertically upwards, and 
its motion is observed to be uniformly retarded by 
10 ft. per minute. How high will the machine 
rise? 



7. University of Cambridge, Previous UxaminatioUy 

December 12, 1874. 

Mechanics. 

1. Define the resultant of any number of forces. 

If a system of forces be in equilibrium, proye 
that each of these forces is equal to the resultant of 
all the rest, and acts in a direction directly oppo- 
site to the direction of that resultant. 

2. Three forces in equilibrium act at the same point ; 

proye that each force is proportional to the sine 
of the angle between the other two forces. 

P and Q are two forces acting at a point, and S 
is their resultant; S is the resultant of P and P. 
Proye that, if the forces P and Q be inclined to 
each other at a right angle, and if Q » 3 P then 

iS-PvTS. 

3. Define the centre of gravity of a body. Proye that 

if the centre of grayity be found for one position 
of a body, it will be the centre of grayity when the 
body is turned into any other position. 

4. If a body be placed on a horizontal plane, proye that 

the body will stand or fall according as the yer- 
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tic&l througli its centre of gravity falls within or 
without the base on which it rests. 

5. What are the requisites for a good balance P 

A tradesman's balance has arms whose lengths 
are 11 in. and 12 in. respectively, and it rests 
horizontally, when the scales are empty. If he 
sell to each of two customers a pound of tea at 
28, 9d. per poimd, putting his weights into dif- 
ferent scales for each transaction, find whether he 
gains or loses owing to the incorrectness of his 
balance, and how much. 

6. Find the ratio of the power to the weight in a 

system of pulleys, each pulley being suspended by 
a separate vertical string, which has one end fixed 
to a beam above. [The weight of the pulleys 
may be neglected.] 

7. Describe the Wheel-and-axle. 

If the string &om the axle pass round a move- 
able pulley and have its end fixed to a beam 
above, the two parts of the string being parallel, 
and if the weight be attached to the moveable 
pulley, find the ratio of the power to the weight. 

8. A straight uniform rod 12 in. long is suspended by 

two vertical stnngs attached to the ends of the 
rod ; at a distance of 2 in. from one end a weight 
of 7 pounds is attached, and a weight of 1 pound 
at the same distance from the other end. Find 
the greatest weight the rod can have without 
breaking the strings. The strings break when 
\ subjected to a tension of more than 7 pounds. 



B. 



ANSWEES TO EXEECISES AND 
EXAMINATION QUESTIONS. 



I. Exercises. Pp. 19-20. " 

(1) 40 sees. (2) 144 ft (3) 120 ft. per sec. 
(4) 20 sees. (6) 257-6 ft. (6) / « 20 ; 2; = 200. 
(7) 200 ft per sec. (8) 196 ft. (9) 40 ft per sec 
(10) After 12 sees. (11) 30 ft. per sec. (12) 60 ft. 
per sec. 

U. EXEBCISES. P. 30. 

(1) No. (2) 10 ^/ 5 ft (3) 16 V 2 ft. per sec. 
(4) 695 yards. (6) 177 -S sees. 5 1,147-2 yards. 

(6) Straight line midway j vel. « 10. 

Examination (Chaptee I.) Pp. 37-9. 

(3) 109i\ ft. from A. (4) 20 ins. per sec. (6) 2j\ 
miles from A. (7) 5 ft. per sec. (10) 50 ft. N. 
(12) 12 ^ 13 ft distant. (13) 33 ft (15) 1,500 ft. 
(18) 90 ft. (19) 5 V 3 ft per sec. (20) 10 ^ 2. 

y. Exercises, pp. 51-3. 

(1) 100 ft;. (2) 160 ft per sec. (3) 176 ft; 576 ft 
(4) ^g. (6) 6 sees. (6) 204 ft. (7) 178 ft. 
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(8) 16 a/To ft. per sec. (9) 100 ft. (10) 187-44 ft. 

(11) 67J ft. (12) 135 ft;. (13) 336 ft;. (14) 224 ft;. 

(15) 10 ft. per sec. (16) 48,144,208 ft. (17) 88 ft. 
(18) 1| sees. (19) 96 ft (20) 52-8 ft. (21) 96 ft ; 
3 sees. (22) 8 ^Z 10 ft. per sec. (23) 38*4 ft. per sec. 
(24) 95-7 ft. nearly. (25) 824 yds. (26) 68-75 8ec& 
(27) 312-5 ft. J 1,250 ft. 

Examination (Chapieb U.) pp. 53-7. 

(1) 25 ft. (5) ^, l|?,iy. (6) I. = fl + xg. 

(8) 6i sees. (10) 106 ft. (11) 144-9 ft. ; 16-1. 

(12) 2^/5-2^/2 ft. (13) 114 ft.; 144 ft. (14) 160 ft 

(16) 140 ft per sec. (17) 1,608 ft per sec. (18) 74 ft 
per sec. (19) 156 ft. (21) 64*28 ft. nearly. 

(24) :^sec8. (26) 402-5 ft.; 177-1 ft (27) 118|ft, 

per sec ; 784 ft (29) Half-way up. (30) 144 ft 

(31) 2 sees. (32) 225 ft. ; 2| or 5 sees. (33) West 

(34) 8-05 ft ; 120-75 ft. lower down. (36) 64 ft. 
(37) 36 ft. ; 75 ft ; 3 sees. 



yn. Exercises. Pp. 79-ao. 

(1) 32 ft. (2) 1 minute. (3) J lb. (4) 3 ft 
(5) 7-2 oza (6) 6 ozs. (7) ^ ozs. (8) 5 ozs. 
(9) 3-75 ozs. (10) 5§| ozs. (11) ^ ft ; 268 ft, 
(12) 4| mins. (13) 13-75 ozs. (14) 126 lbs. ; 98 Ibe. 
(15) 16 V 2 ft (16) 10 ft per sec. (17) 1 minute. 

yni. Exercises, p. 8ft. 
(1) 180 ft. (2) 266f ft. (3) 3 : 2. 
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Examination (Chapteb III.) Fp. 85-9. 

(4) 32-1 : 31-4. (6) 20g. (7) 6 ft. per eec. 
(10) 8 sees. (11) 8 sees. (12) 9 : 1. (13) 6 lbs. 9 oza. 
(14) 10 mins. 26 sees. (15) 125 ft. (16) 2 sees. 

(17) P-14II; Q = llff. (19) 7 lbs. (20) 4 : 9. 
(22) 2-6 ft (23) 6 : 1. (25) 2 : 3. (26) 40 j 

26| miles. (27) ^ = 11 : 1080. (29) 2 ton8 7cwt8. 

(30) 181-125 ft. (33) 4i; 3 J. (34) 137-5 sees.; 

veL«14-6. (36) i|. (36) 48. (37) | : ^.^r. 

(38) 6fSf sees. 

ExAHiNATioiT (Chapter IV.) Pp. 99-101. 
(3) 266 ft. ; 175 ft. (5) |:^. (6) 3 : 2. 

(8) 50 lbs. (9) 12-5 ft. per sec. (10) 11 : 1. 

f^^^ I' J' i' ^^^) ^ ^*- P'" "^^^ (^^^ ^ ^• 

(18) 12-8 ft per sec. (19) 716 ft. per sec. nearly. 
(21) 10, 6, 2i, &c. 

Xll. Exercises, p, 121. 
(1) }. (2) 4 ozs. (3) 3-6 0Z8. (4) 19,080ft.-lb8. 
(5) (6 - i^) = 1-46 ozs. (6) 6,280,000 ft.-lbs. 

(7) 18,000 ft-lbs. (8) 1,800 ft.-lbs. (9) 3,750 ft.-lbs. 
(10) 300 ft-lbs. 

Examination (Chapter V.) Pp. 122-3. 

(5) 40VT6 = 1266 ft per sec. nearly. (6) 2,260 
ft.-lbs. ; 2||f units of heat, Fahrenheit (7) ^( r» - w*). 

(10) l,444/o\ thermal units Centigrade. (13) 1,080 ft 
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XIV. ExBRdSES. Pp. 133-4. 

(1) 12 ins. from smaller weight. (2) 10 lbs. ; 
20 lbs. (8) 3 ins. f5pom the heavier. (4) 21-6 ins. ; 
26 ozs. (5) 15 ozs. (6) 2 ins. from end where weight 
is. (8) 26 lbs. (9) 13^ lbs. (10) 9-5 lbs. 

Exercises, p. 138. 

(1) 16 ins. (2) 8. (4) 3J ins. (6) 250 lbs. 
(6) 580 lbs. (7) The 8-oz. weight (8) 240 lbs. 

(9) n t (10) 120 lbs. 

XV. Exercises. Pp. 1*8-9. 

(] ) 60 lbs. (2) 75 lbs. (3) 20 lbs. (4) 1 lb. 

(6) 27. (6). 16 ozs. or 18^ ozs., as the 2 oz. pulley is 
highest or lowest. (7) 14 lbs. (8) 122 lbs. (9) 3} ozs. 

(10) 6-3416 lbs. 

XVI. Exercises. Pp. 157-8. 

(1) 13J ozs. (2) lOJ ozs. (3) 3} ozs. >• 3f ozs. j 
8f ozs.; 2 ozs. (4) A : 6::5 : 12. (5) 5 ozs. (6) 12 ozs. 

(7) (3 + 4^/2) ozs. (8) 10 : 7. (9) If ozs. (10) 1 : 2^6. 

(11) 2 : 3 ; 27 inches. (12) 264 lbs. (13) 12 ozs. 
(14) 100. (15) 9 cwts. 1 qr. 20 lbs. (16) 1 cwt 1 qr. 
4 lbs. (17) 15f lbs. 

Examination (Chapter VI.) p. 159. 
(7) 90 lbs. (8) 30°. (9) -^- =1-34 lbs. nearly. 

(10) ?^lbe. (11) 32 ozs. (12) TT- 4 P, and the 
weights of the moyeable pulleys make no difference when 
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they are equal. (13) 35 lbs. (16) 8.(18) 3 lbs. ; 
equation of work. (19) Second system, 6 pulleys in 
each block. (20) J. (21) A force equal to his weight. 
(22) 12 lbs. 7i ozs. It is a cose of 4 moveable pulleys 
with a power equal to 3J ozs. (24) 17J lbs. 

XVn. Exercises, p. 166. 

(1) 4 ozs. (2) 12 ozs. in ^ ^ ; 9 ozs. in -B C; 5 ozs. 
in CD. (3) 3} ins. (4) 7 ins. or 1 in., as they act in 
the same or in opposite directions. 

XVlll. Exercises, pp. 176-7. 

(1) 2^31 lbs. (2) P^/(5 + 2V2). (3) P^IO. 

(4) It^P^B, and acts at middle point of B C, 

(5) 2^/6l. (6) 17 lbs. (7) 1-2 ; 1-6 (8) 2 : 1. 

(9) ^/2i. (10) 400 lbs. (11) 10 ozs. (12) 4 lbs. 
(13) J2 = 2 P. (14) 6^/3. (16) 200 lbs. 

XIX. EXEBCISES. Pp. 185-6. 



10 



(1) No. (3) CB. (4) ^Ibs. (5) 10v^66 + 28v^3. 

(6) 38-4; 28-8 lbs. (8) 6 P where Pis the force along ^jB. 
(9) Read O 2> for O B, and the side A 1) represents the 
resultant. (11) 12 ; 16 lbs. (12) 9 ozs. ; no weight j 
11*1 ozs. nearly ; 15 ozs. 

XX Exercises. Pp. 194-6. 



(1) (1-68)P. (2) 10-2 lbs. (4) V97 + 16v^6-39>v/2. 
(5) (1-67) P. (6) X - V2; r « V 2 + 2 V3 - 6. 
(8) 17-32 lbs. (9) 6-95 ; 491. (10) 6-928. (12) PV2, 
(14) 62 lbs. (15) 122-8 lbs. (16) § 133, Ex. (2). 

<l^>W3'rT73' 08) 24 Iba nearly. 
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XXI. Exercises. Pp. 211-3. 

(1) 2 : 3. (2) 70^, 50/^'. (3) 2 ft. (4) 6| ins. 
from one end. (5) § up median line from angular 
point (6) 2v'2Palong the diagonal. (7) 40 ins. 
from greater force. (8) 12 ins. (9) 4| ins. (11) | rad. 
(12) 6i lbs.; 3} lbs. (13) 19 J ins. from one end. 
(14) 2J lbs. (15) If lbs. (16) ^ of middle line from 
one of the sides. (17) 7|5 ins. from 3 lbs. weight. 
(18) 40 lbs. ; 24 lbs. (19) 16 lbs. ; || of the length from 
the 71b8. (20) As J : i : J : jV 

XXIL Exercises. Pp. 22a-9. 

W 

(1) 1 : v'S. (2) — -, when the string is fixed to 

>/2 
points. (3) 1-2 lbs. (4) 1^3 lbs. (5) (8-3^/6) 
9-6 ins. from one end. (6) 2 a/ 3 : 1. (7) 6 ^Z 2 ozs. 
(8) 5 ins. (9) 5 ins. from end where weight acts. 
(10) 6 lbs. (11) 12 ins. ; 20-5 lbs. 

ExAHUfATiON (Chapter Yll.) Pp. 236-2^3. 

(2) 40 ins.; 20 ins. (3) 2v'3i lbs. (4) 6 lbs. 
(8) 3J : 3J : 2J : 2^. (10) 10 lbs. (11) 1-74 ft. 
(12) ft (8-2^/3) ins. from 4 lbs. end. (15) 4^2-^3 
lbs. (17)8v'3; 16^/3 lbs. (18) 10^/3; (24) V201; 
a/146 ; V91. (25) (a) 50 lbs. 25 ins. ; 40 lbs. 7-5 ins. 
(b) 62 lbs., 31 ins ; 72 lbs., 135 ins. (26) § 126. 
(27) 11-25 ; 27-4. (28) 15 lbs., 13 lbs. (29) § 155. 
(30) 27-73. (35) § 128. (38) A pushing force at 60P 
with the plane, or vertically upwards; It-6VS or O. 
(39) 6/3 ft. from one end. (42) 4 : 9. (43) J in. from 
one end. (44) 2-7 ; 1-35^73. (46) § 164. (47) If 
2> be the middle point oi AB and CE the perpendi- 
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cular on ^ ^ in its position of eqailibrium -tt^" -=- ; and 

when .^^ is horizontal, the piyot is 6 ins. from 2>« 
(48) (5+^3); (5- ^3) ozs. (49) 5 lbs., 2^/6 lbs. 
(61) 6 ins. 



. XXV. Exercises. Pp. 267-9. 

(2) 240 ft. (3) 20 (a/2 + 1) = 48'28 lbs. (4) |§ of 
length from one end. (6) 45^ (6) ^3 : 1. (7) 10 lbs. 
(8) I of one of the sides from centre. (9) \ diagonal 
from centre. (10) | up median line from base. (11) 4 ft. 
from the other end. (13) If a » side of square, Centre 

of Gravity is — from centre of square. (14) 8 ins. up 

lo 

median line of larger A from common base. (15) ^ 
of length of rod from middle point. (16) 3>/3 : 5. 

XXVI. EXEBCISES. p. 281. 

(1) If Aj B, be the middle points of the longer and 
shorter arms^ C the angular point, and if AD'^^AB, 
ihen the C of (r is J up D C (2) 7~3 ins. from heavier 

weight (4) —- j^ where a is the side of the 

square. (6) 3f ins. from base. (6) One-sixth of radius 
from centre of large circle. (7) ^ of diagonal from 
centre. 

Examination (Chapter VIII.) Pp. 281-3. 

(2) If A and ^be the middle points of the two parts 
and ^ ^ be bisected in D^ D must be vertically under 
Ay the point of suspension. The position of the wire 
may be found by drawing a horizontal line through A, 

X 
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and marking off a distance A E equal to \/f of a^ where 
a is length of half the wire^ and then dropping a vertical 

EF^ —jfi' a. If J* -4 be joined and an equilateral A 

described on it^ the two sides will be the position of 
the wire. (4) If (r be point required and 6r ^ be per- 
pendicular to B C, then CE ^j^a, and G E ^ ^ti, 
where a » CB. (5) 3*464 ins. (8) Reckoning from 
corner opposite to that from which rectangle is taken 
X^S^ ins., r = 2ii ins. (9) If C be the centre, and 
A the point to which weight is fixed, mark off ^ 6r « 1 
inch along A C, and Q will be vertically under point of 
suspension. (10) 3*26 ins. from top. (11) 5f| ins. 
from base of shorter. (12) 3*2 ins. from heavier weight. 
(16) 8 : 7. (18) ^ of line joining 9 ozs. and 3 o?s. from 
the 9 ozs. weight. 



THE END. 
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Lnpton'a Arithmetic for Bchools and Candidates for Examination, ISmo. 
-. -., __^ji.i J i...,,.-** ^ — "- "d. tlieAnaweraBeparatelj la. 
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Hmiter'8 Modem Arithznetio for School Work or Priyate Study, 12mo.8«.6d.Ee7, 5«. 
Combes and Hines' Standard Arithmetical Gopy-Books, in Nine Books, 4i(. oaoh. 
Combes and Hines' Complete Arithmetical Copy-Books. Complete in Nine 

Books, on Fine Paper. Price 6$. per dozen to Teachers. • 

The Complete Cipherinsr-Book, being the Nine Complete Arithmetical 

Copy-Books bonnd in One Volume. Price 9$. 6d. cloth. 

M'Leod's Manual of Arthmetic, containing 1,7S0 Questions, ISmo 9d, 

Hiley's Recapitulatory Examples in Arithmetic, 12mo. ^ «,. 1«. 

HofTatt's Mental Arithmetic, 12mo. 1«. or with Key, U, 6d. 

Anderson's Book of Arithmetic for the Army, 18mo It, 

M'Leod's Mental Arithmetic,!. Whole Numbers, 11. Inactions ea6h li. 

— Extended Multiplication and Pence Tables, ISmo..... id, 

Johnston's Civil Service Arithmetic, 12mo S«. 6d. Key ^. 

Thomson's Treatise on Arithmetic, limo S«. 6d. Key &•. 

Tate's First Principles of Arithmetic, 12mo 1«. 6d, 

Fix's Miscellaneous Examples in Arithmetic, ISmo it, 6d. 

Stevens and Hole's Arithmetical Examination Cards, in Eight Sets, each 

Set consisting of Twenty-Four Cards. Price U. per Set. 



A. Simple Addition and Subtraction. 

B. Simple Multiplication and Division. 

C. Compound Rules (Monev). 

D. Compound Rules (Weights and Mea- 
sures). 



E. Practice and Bills of Parcels. 

F. Vulgar and Decimal Fractions. 

G. Simple and Compound Proportion. 
H. Interest, Stocks, and Miscellaneous 

. Problems. 



Isbister's High School Arithmetic, 12mo. It. or with Answers It. 6d. 

Calder's Familiar Arithmetic, ISmo. 4«. 6dE. or with Answers, &•. 6dE. the 

Answers separately. It. the Questions in Part II. separately It, 

Calder's Smaller Arithmetic for Schools, 18mo it, Qd, 

Inddell's Arithmetic for Schools, 18mo. 1«. cloth ; or in Two Parts, Sixpence 

each. The Answers separately, price Threepence. 
Harris's Graduated Exercises in Arithmetic and Mensuration, crown 8vo. 

it. 6d. or with Answers, Ss. the Answers separately, 9d Full Key dt. 

— Easy Exercises in Arithmetic, crown 8vo It. 

Merrifield's Technical Arithmetic and Mensuration, small Svo. it.6d. Key 8«. 6d. 

Book-keeping, 

Isbister's Book-keeping by Single and Double Entry, 18mo 9d, 

— Set of Eight Account Books to the above each 6dE. 

Himter's Exercises in Book-keeping by Double Entry, 12mo. ...1«. 6d. Key it. M, 

— Examination-Questions in Book-keeping by Double Entry, 12mo. it. 6d, 
— • Examination-Questions &c. as above, separate ftrom the Answers It. 

— Ruled Paper for Forms of Account Books, 5 sorts ... per quire. It, 6d. 

— Self-Instruction in Book-keeping, 12mo 2f. 

Mensuration, 

Merrifield's Technical Arithmetic and Mensuration, small Svo 8«. dd, 

Himter's Elements of Mensuration, 18mo 1*. Key '9d, 

Hiley's Explanatory Mensuration, ISmo it.M,. 

Boucher's Mensuration, Plane and Solid, ISmo Zt, 

Nesbit's Treatise on Practical Mensuration, ISmo 6«. Key 6«. 

Alffebra, 

Colenso and Hunter's Introductory Algebra, 18mo it. M. Key it, 6d. 

GrifiBn's Algebra and Trigonometry, small 8vo it.M, 

— Notes on Algebra and Trigonometry, small 8vo 8«. 6d. 

Colenso'B Algebra, for National and Adult Schools, 18mo It. dd. Key it, 6d, 
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Oolenso's Algebra, for the tue of Schools, Pabt 1. 12mo 4«. Bd. Key 5«. 

Hiinter'a Examination-QneBtioiis on Golexuo's Algebra, Part T. ISmo 8*. 6d. 

Colenso's Elementg of Algebra, for the ose of Schools. Pabt II. 12mo. fit. Key St. 

— Examples and Equation Papers, with the Answers, 12mo 2t. Qd, 

— Elements of Algebra, complete in One Yoltune, 8vo. 12«. 6d. Key, 

12mo 7».6d. 

Tate's Algebra made Easy, 12mo 2». Key 8».W. 

Reynolds's Elementary Algebra for Beginners, 18mo.9d. Answers, Sd. Key 1«. 

Thomson's Elementary Treatise on Algebra, 12mo &«. Key ii. 6d. 

Wood's Elements of Algebra, by Lund, 8vo 12f.6d. 

Liind's Companion to Wood's Algebra, postSvo 7#. 6d. 

— Short and Easy Course of Algebra, crown 8vo 2«. 6d. Key U. 6d. 

MacCoU's Algebraical Exercises and Problems, ISmo >«. 9d, 

Geometry and Triffonometry. 

Thomson's Euclid, Books I. to YI. and XI. and ZII. 12mo 5«. 

— Plane and Spherical Trigonometry, 8vo. .'. 4«. M. 

— Differential and Integral Calculus, 12mo &•. 6d. 

Watson's Plane and Solid Geometry, small 8to St. 6d. 

Wright's Elements of Plane Geometry, crown 8to St. 

Potts's Euclid. University Edition, 8vo lOt. 

— — Intermediate Edition, Books I. to IV. St. Books I. to m. 2t. 6d. 

Books I. n. It. 6d, Book I. It. 

— Enunciations of Euclid, 12mo 6d. 

— Euclid's Elements, School Edition, 12mo. boards 4t. 6d. roan St. 

Tate's Practical Geometry, with 261 Woodcuts, ISmo It. 

— Geometry, Mensuration, Trigonometry, &c. 12mo St. Od. 

Isbister's School Euclid, the First Four Books, 12mo 2t. 6d. 

— College Euclid, Books I. to VI. and Parts of ZI. and XII. 12mo. St. 6d. 

— College and School Examiner in Euclid, 12mo 9d. 

— Euclid Copy-Books, Nob. I. and II. oblong 4to. each :.. 6d. 

— First Steps to Eudid, 12mo It. 6d. 

Tate's First Three Books of Euclid, 12mo It. 6d. 18mo. 9d. 

Colenso's Elements of Euclid, 18mo 4t. 6d. or with Key to the Exercises 8t. 6d. 

— Geometrical Exercises and Key St. 6d. 

— Geometrical Exercises, separately, 18mo It. 

— Trigonometry, 12mo. Part I. St. 6d. Key St. 6d. Part II. 2t. 6d. Key St. 

Hunter's Plane Trigonometry, for Beginners, 18mo It. Key 9d, 

Booth's New Geometrical Methods, Vol. 1. 8vo 18t. 

Hymers's Differential Equations and Calculus, 8to 12t. 

Williamson on Differential Calculus, crown 8vo lOt. 6d. 

Johnstone's Elementary Treatise on Logarithms, 12mo St. 6d. 

Hunter's Treatise on Logarithms, ISmo It. Key 9d. 

Jeans's Plane and Spherical Trigonometry, 12mo. 7t. 6d. or in Two Parts, 

each 4t. 

— Problems in Astronomy ftc. or Key to the above, 12mo fit. 

Stokes's Syllabus of Trigonometry, fcp St. 

Zand Surveying, Drawing, and Practical Mathematics, 

Nesbit's Practical Land Surveying, 8vo 12t. 

Binns's Orthographic Projection and Isometrical Drawing, ISmo It, 

CoUins's Perspective, or the Art of Drawing, crown 8vo St. 

Merrifield's Descriptive Geometry and Mechanical Drawing ^.Nearly read§f. 

Winter's Mathematical Exercises, post 8vo fit. fid. 

Winter's Elementary Geometrical Drawing, Part I. post Svol St. fid. Part II. fit. 6d. 

Pierce's Solid or Descriptive Geometry, post 4to 12t.6d. 

Kimber's Mathematical Course for the University of London, Svo. I0t.fid. Key it, fid. 
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Balmon's Treatise on Conic Sections, Sro li$. fi 

Wrigley's Examples in Pore and Bfixed Mathematics, Sro 8«. 6d. i 

Hamilton's Elements of Quaternions, 8vo ^ ^ 25«. k 

a 

Works by Jolin Hullah, Professor of Vocal Music in King^s 
CoUegCj in QueerCs CoUegCj and in Bedford CoUeffe, London. 

Hnllah's M«^TiTifti of Singing. Parts I. and II. 2«. 6d. ; or together 5«. 

Ezerdses and Figures contained in Parts I. and II. of the Manual, 

Books I. and II each 8df. 

Large Sheets, containing the Figures in Part I. of the Manual. "Sob. 1 

to 8 in a Parcel «». 

Large Sheets, containing the Exercises in Part I. of the Manual. 27os. 9 

to 40, in Four Parcels of Eight Nos. each „. per Parcel Ss, 

Large Sheets, the Figures in Part II. Koe. 41 to 52 in a Parcel 9«. 

Budiments of Musical Grammar, royal sro 3«. 

Orammar of Musical Harmony, royal 8to. Two Parts .each 1«. 6d. 

Exercises to Grammar of Musical Harmony U. 

Grammar of Counterpoint. Parti, super-royal 8vo 2a.6d. 

Infant School Songs 6d. 

School Songs for 2 and 8 Voices. 2Books, 8vo each 6d. 

Old English Songs for Schools, Harmonised 6d. 

Exercises for the CultiTation of the Voice. For Soprano or Tenor 2* . 6d. 

Time and Tune in the Elementary School Nearly ready, 

3oix&&*f^ Vocal Music for School use, post Sro 1*. 6d. 

— School Songs and Choruses, with Pianoforte Accompanimant, 

imp. 8vo , 1«. 

Political and Historical Geography » 

Thomson's Introduction to Modem Geography, N^w Edition Neevrly ready, 

HUey's Child's First Geography, 18mo „ 9d. 

— Elementary Geography for Beginners, 18mo ^ 1«. 6d. 

— Compendium of European Geography and History, 12mo ^ St. 6d. 

— Asiatic, African, American and Australian Geography, 12mo 8«. 

Bnrbuxy's Mary's (Geography, 18mo. 2<. 6d Questions I*. 

Outlines of Geography, by George Hogarth, 18mo lOd. 

The Stepping-Stone to Geography, 18mo \ 1«. 

Hughes's Child's First Book of Geography, 18mo 9d. 

— Geography of the British Empire, for begizmers, 18mo 9d. 

— General Geography, for beginners, 18mo 9d. 

Questions on Hughes's General Geography, for beginners, ISmo 9d. 

Lupton's Examination-Papers in Geography, crown Svo 1*. 

Hughes's Geography of British History, fcp.SBvo St. 

^ Manual of Geography, with Six coloured maps, fcp 7t. 6d. 

Or in Two Parts:— 1. Europe, 8t. 6d. II. Asia, Africa, Amerioa. 

Australasia, &o 4t. 

Hughes's Manual of British G^graphy, fcp 2t. 

SuUivan's Geography Generalised, fcp 2<. 6d. 

— Introduction to Ancient and Modem Geography, 18mo It. • 

Hughes's G^graphy for Elementary Schools, 18mo It. 

Goldsmith's Grammar of General Geography, fcp St. 6d. Key It. 

Matmder's Treasury of Geography, fcp fit. 

Butler's Ancient andModem Geography, postSro. ! 7t. 6d. 

Butler's dketch of Modem G^graphy, post 8to 4t. 

— Sketch of Ancient C^eography, post Svo. 4t. 

M'Leod's Geography of Palestine or the Holy Land, 12mo It. 6d. 

— Life and Travels of St. Paul, 12mo „ 2t. 

Kdtb Johnston's Gaeetteer, NewEdition, thorough^ rerised, Sro. Nearly ready. 
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Physical and Mathematical Geography, 

Bamaay'a Geology Simplified for Beginners Nearlp ready, 

Williams's Biver Basins of the United Kingdom, 16mo 1*. 

Hughes's (W.) Physical Geography for Beginners, 18mo Li. 

Manry'a Physical Geography for Schools and General Beaders. fcp 2f. 6d. 

Hughes's (£.) Outlines of Physical Geography, 12mo S$. 6d. Questions 6d. 

Keith's Treatise on the Use of the Globes, improved by Taylor, Le 

Mesurier, and MiddletoQi 12mo 8*. 6d. Key ii.6d. 

School Atlases and Maps, 

Public Schools Atlas of Modem Geography, 81 entirely new Coloured Mape, 

imperial 4to. S«. 6dE. sewed, or 5«. cloth. 
Butler's Atlas of Modem Geography, royal 8vo 10«. 6<l. 

— Junior Modern Atlas, comprising 12 Maps, royal 8vo 4«. 6d. 

— Atlas of Ancient Geography, royal 8vo 12«, 

— • Junior Ancient Atlas, comprising 12 Maps, royal Sra it.Qd, 

— General Atlas, Modem and Ancient, royal 4to 22«. 

M*Leod's Pupil's Atlas of Modem Geography, 4to It. 

— School Atlas of Scripture Geography, royal 4to 1«. 

Hughes's School Atlas of Bible Lands, fcp. It. 6d. 

Natural History and Botany, 

The Stepping-stone to Natural History, 18mo it.dd. 

Or in Two Parts.— I. MamnuUia, It. II. Birdtt ReptUet, and Fithet It. 

Owen's Natural History for Beginners, 18mo. Two Parts Od. each, or ItoL 2t, 

Maunder's Treasury of Natural History, revised by Holdsworth, fc]^. 6t, 

Lindley and Moore's Treasury of Botany, Two Parts, fcp 12«. 

Wood's Bible Animals, 8vo 21*. 

— Homes without Hands, 8vo 21*. 

— Insects at Home, 8vo 21». 

— Insects Abroad, 8vo 21». 

— Outof Doors, crown 8vo 7«. 6d. 

— Strange Dwellings, crown 8vo 7«. 6d. 

Chemistry and Telegraphy, 

Armstrong's Organic Chemistry, small 8vo 8t.6d. 

Miller's Elements of Chemistry, 8 vols. 8vo flOt. 

Part I.— Chemical Physics, Fifth Edition, 15*. 

Part n.— Inorganic Chemistry, Fifth Edition, 21«. 

Part III.— Organic Chemistry, Fourth Edition. 24«. 

— Introduction to Inorganic Chemistry, small 8vo Zt, M. 

Tate's Outlines of Experimental Chemistry, 18mo 9d, 

Odling's Course of Practical Chemistry, for Medical Students, crown 8vo... 7«. Gd. 

Thorpe's Quantitative Chemical Analysis, small 8vo 4«. 6d. 

Thorpe and Muir's Qualitative Chemical Analysis, small 8vo Zt. fid. 

Crookes's Select Methods in Chemical Analysis, crown 8vo 12«. 6d. 

Preece and Sivewright's Telegraphy Nearljf ready. 

Culley'a Practical Telegraphy, 8vo let. 

Natural Philosophy and Natural Science, 

Bloxam's Metals, their Properties and Treatment, small 8vo '..... Zt.Qd. 

Ganot's Physios, translated by Prof. B. Atkinson, post 8vo 15,. 

— Natmwl Philosophy, translated by the same, crown 8vo. ..• 7«. 6d. 

Helmholtz' Popular Lectures on Scientific Subject8,»8vo 12«. dd. 

Weinbold's Introduotion to Experimental Physios, 8vo Ifearly ready. 
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Jenkin's Electricity and Magnetism, small 8vo St.M. 

Maxwell's Theory of Heat, small 8vo 8«. 6d. 

Marcet's Conversations on Natural Philosophy, fcp 7«. 6d. 

Tate's Lightand Heat, for the ose of beginners, ISmo 9<2. 

— Hydrostatics, Hydraulics, and Pneumatics, 18mo d. 

— Electricity, explained for the use of beginners, 18mo 9d. 

— Magnetism, Voltaic Electricity, and Electro-Dynamics. ISmo 9d, 

Tyndall's Notes of Lectnres on Electricity, 1«. sewed, 1«. 6d. cloth. 

— Notes of liectures on Light, 1<. sewed, 1«. 6d. cloth. 

Text-Books of Science, Mechanical and Physical, adapted for 
the use of Aktisans, and of Students in Public and 
Science Schools. 

AHderson's strength of Materials, small 8to i8.6di 

Armstrong's Organij) Chemistry is. 6d. 

Bloxam's Metals Ss.dd. 

Goodttve's Elements of Mechanism , S«. 6d. 

— Principles of Mechanics 8«. 6d. 

GrifiQn's Algebra and Trigonometry 3«. Gd. Notes S$.Qd. 

Jenkin's Electricity and Magnetism Ss.M, 

Maxwell's Theory of Heat 8«. 6d. 

Mexrifield's Teohnical Arithmetic and Mensuration, Zs. 6d. Key. by Hunter 3«. 6d. 

Miller's Inorganic Chemistry 9t.6d. 

Shelley^s Workshop Appliances 8«. 6d. 

Thorpe's Quantitative Chemical Analysis 4«. 6d. 

Thorpe & Muir's Qualitative Analysis S$. 6d. 

Watsom's Plane and Solid Geometry > S». 6d. 

*•* Other Text-Books in active preparation. 

Mechanics and Mechanism^ 

Goodflve's Elements of Mechanism, small 8vo. ...^ 8<. 6d. 

— Principles of Mechanics, small 8vo 8«.6d. 

Tate's Exercises on Mechanics and Natural Philosophy, 12mo %». Key S$. $d, 

— Mechanics and the Steam-Engine, for beginners, 18mo 9d. 

— Elements of Mechanism, with many Diagrams, 12mo ^ 8«. 6d. 

Haughton's Animal Mechanics, 8vo iU. 

Twisden's Introduction to Praotioal Mechanics, crown 8vo 10«. 6d. 

— First Lessons in Theoretical Mechanics, crown 8vo 8«. 6d. 

Willis's Prindples of Mechanism, 8vo *>. 18». 

Engineenng, Architecture, &c. 

Andesaon on the Strength of Materials and Structures, small 8vo Sk. 6d. 

Bourne's Treatise on the Steam-Engine, 4to 4B«. 

— Catechism of the Steam-Engine, fop 6«. 

— Becent Improvements in the Steam-EnginQ, fcp 6«. 

— Handbook of the Steam-Engine, fcp 9«. 

Main and Brown's Marine Steam-Engine, 8vo 1!«. 6d. 

— — Indicator and Dynamometer, 8vo 4«. 6d. 

— — Questions on the Steam-Engine, 8vo 5«. 6d. 

Faii^aim's Useful Information for Engineers. 8 vols, crown 8vo 81c. 6d. 

— Treatise on Mills and Millwork, 2 vols. 8vo 82c. 

Mitchell's Steppkig-Stone to Architecture, 18mo. Woodcuts Ic. 

— Budimentary Manual of Architecture, crown 8vo 10c. 6d. 

GwUt's EnoyclopaBdia of Architeature, 8vo <.52c.6d. 

Popular Astronomy and Navigation. 

The Sliepping-Stone to Astrononv* 18mo Ic. 

Tate's Astronomy and the use of the Globes, for beginners, 18mo 9d. 
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Brinkley's Astronomy, by Stabbs &.Brunncw, crown 8to 6*. 

Herschers Outlines of Astronomy, Twelfth Edition, square crown 8to 12«. 

Webb's Celestial Objects for Common Telescopes, 16mo It. 6(1. 

Proctor's Library Star Atlas, folio 25». 

— New Star Atlas for Schools, crown 8vo 5». 

— Handbook for the Stars, square fcp. 8vo 5<. 

Exers's Navigation and Qreat Circle Sailing, 18mo It. 

Merrifield and Evers's Navigation and Nautical Astronomy, 8vo 7«. M, 

Jeans's Handbook for the Stars, royal 8vo 4«. 6d. 

— Navigation and Nautical Astronomy, Pabt I. Pr<iciiealy l2mo 6«. 

— — — Part n. TA«oreticaZ, royal 8vo. 7«.6d. 
Boyd's Manual for Naval Cadets. Third Edition, post 8vo 12». 6d. 

Animal Physiology and the Preservation of Health, 

The House I Live In ; Structure and Functions of the Human Body. 18mo. t». M. 
Bray's Physiology for Schools, Fourth Edition, Eighth Thousand, 12mo.... 1«. 

— Diagrams for Class Teaching per pair fit. 6d. 

Marshall's Outlines of Physiology, Human and Comparative, 2 vols. cr. Svo. 82«. 
Mapother's Animal Physiology, ISmo 1«. 

Domestic Economy and General Knowledge, 

Burbury's Every-day Book of Common Things, ISmo. 2«. 6d. Questions 1*.' 

Sterne's Questions on Generalities, Two Series, each 2«. Keys each 4«. 

The Stepping-stone to Elnowledge, ISmo U. 

Second Series of the Stepping-Stone to Oeneral Knowledge, 18mo 1«. 

Chronology and Historical Genealogy, 

Cates and Woodward's Chronological and Historical Enc^olopaodia, 8vo. ...42«. 
Slater's Sententia Chronological the Original Work,12mo 1«. 6d. 

— — — improved by M. Sewell, 12mo S*. 6d. 

Crook's Events of England in Bhyme, square 16mo 1«. 

Mythology and Antiquities, 

Cox's Manual of Mythology, in Question and Answer, fcp Sc. 

— Mythology of the Aryan Nations, 8 vols. Svo S8«. 

— Tales of Ancient Greece, crown Svo 6«. 6d. 

Horfs New Pantheon, 18mo. with 17 Plates 2». rtd 

Becker's OaZ^tM, Boman Scenes of the Time of Augustus, post Svo 7«. 6<i. 

— Chariele»^ illustrating the Private Life of the Ancient Greeks ... 7«. M. 
Bich's Illustrated Dictionary of Boman and Greek Antiquities, post Svo.... 7«. 6d. 
E^rold's Antiquities of Israel, translated by Solly, Svo Nearly readp. 

Biography, 

The Stepping-Stone to Biography, 18mo 1». 

Maunder's Biographical Treasury, re-written by W. L. B. Cates, fcp fit, 

Cates's Dictionary of General Biography, Svo 21*. 

Von Baumer's Life and System of Pestalozzi, Svo 5«. 

British History, 

Catechism of English History, edited by Miss Sewell, ISmo Is. 6d. 

Turner's Analysis of English and French History, fcp 2«. 6d. 

Outlines of the History of England, ISmo It. 

Morris's Class-Book History of England, fcp Ss.M. 

Cates & Cox's English History from the year 1066 to the year 1216, or. Svo. 8«. 6d. 



London, LONGMANS & CO. 



General Lists of Sohool-Books 11 



The Stepping-stone to English Histoxy, 18mo 1«. 

Lnpton'B Examination-PapeTB In Hiatory, crown 8vo 1$. 

— English History, revised, crown 8vo 7«. 6d. 

Gleig's School History of England, abridged, 12mo 6*. 

— First Book of History— England, 18mo. 2». or 2 Parts.: each 9d. 

— British Colonies, or Second Book of History. 18mo 9d. 

— British India, or Third Book of History, 18zno 9d. 

Historical Qnestions on the above Three Histories, 18mo 9d. 

Littlewood's Essentials of English History, fep 8«. 

Bartle's Synopsis of English History, Bevised Edition, fcp S«. 6d. 

Creasy's Constitations of the Britannic Empire, 8vo 15t. 

History, And&nJt and Modem, 

Stafford's Coznpendimn of Uniyersal History, fop U, 

OntUnes of the History of France, ISmo 1«. 3d. 

Gleig's History of France, 18mo 1». 

Maonder's Historical Treasury, with Index, fcp 8». 

liangnall's Historical and Miscellaneons Qnestions, ISmo 4«. 6d. 

Comer's Qnestions on the History of Europe, 12mo fit. 

Turner's Analysis of the History of Germany, fcp 8«. 6d. 

Taylor's Student's Manual of the History of India, crown 8vo 7*. 6d. 

Marshman's History of India, 8 vols, crown Svo 22«. 6d. 

Sewell's Ancient History of Egypt, Assyria, and Babylonia, fcp 6«. 

Outlines of Ancient Grecian History, 18mo 1«. 

The Stepping-Stone to Ancient Grecian History, 18mo 1«. 

Browne's History of Ancient Greece, for beginners, 18mo 9d. 

Sewell's Catechism of Grecian History, 18mo 1«. 6d. 

— First History of Ancient Greece, fcp 8«. 6d, 

Schmitas's History of Ancient Greece, fcp 7«. 6d. 

Cox's History of Ancient Greece, Vols. I. and II. 8vo 86«. 

— School History of Greece to the Death of Alexander, cr. 8vo.... In the prest 

— Tale of the Great Persian War, from Herodotu»t fcp S** ^• 

Tiqrlor's Student's Manual of Ancient History, crown 8vo 7«. 6d. 

~* Student's Manual of Modem History, crown Svo 7«. 6d. 

Turner's Analysis of the History of Greece, fcp 2». 6d. 

Thirlwall's History of Ancient Greece, 8 vols, fcp S8«. 

Sewell's Catechism of Grecian History, 18mo 1«. 6d. 

— Catechism of Roman History, 18mo U.6d. 

— Child's First History of Ancient Bome, fcp 2«.6d. 

Farkhurst's Questions on Sewell's Child's First History of Bome, fcp 1«. 

Outlines of Ancient Boman History, 18mo lOd. 

The Stepping-Stone to Ancient Boman History, 18mo 1«. 

Turner's Analysis of Ancient Boman History, fcp 2». 6d. 

Browne's History of Ancient Bome, for beginners, 28mo 9d. 

Merivale's History of the Bomans under the Empire, 8 vols, post Svo 48«. 

— Fall of the Boman Bepublic, 12mo 7«. 6d. 

Hme's Ancient Boman History, Vols. I. and II. 8vo S0«. 

Pearce's Analysis of Boman History, fcp. 2«. 6d. 

Scripture History, Moral and Bdigious Works* 

Morris's Book of Genesis, with Notos and Analysis, crown 8vo 2«. 6d. 

— — Exodus, with Notos and Analysis, crown Svo 2«. 6d. 

Hole's Practical Moral Lesson Books :— 

Book I. The Duties Men owe to Themselves. 

Pabt I. Dutiet Coneeming the Body^ fop Is. 6d. 

Part II. Dutiet Concerning the Mind, fcp l». 6d. 

Book II. The Duties Men owe to One Another, fcp i«. 6d. 

Book III. The Young Christian Armed, crown Svo &«. 
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Jam«8'8 Chrutiaa OotuiBttls, from F^nelon, crown 8to 5«. 

The Stepping-Stone to Bible Knowledge, 18zno 1«. 

Ontlines of SaCTed History, 10nu> 2«.6d. 

Oleig's Saored History, or Fonrth Book of History, 18mo. St. or 2 Parts, eadi 9d, 

Gardiner's Life of Christ, crown 8to ^ 2«. 

Conybeare and Howson's Life and Epistles of St. Paul, 1 vol. crown 8to. ... 9t. 

Fotts's Pale/s Evidences and Mora Paulina, Bvo lOt. 6d. 

Browne's Exposition of the Thirty-Nine Articles, 8vo 16$, 

Gorle's Examination Qaestions on the above, fcp St, 6d, 

Ayre's Treasury of Bible Knowledge, fcp Oc 

Girdlestone's Synonyms of the Old Testament, 8vo 1&*. 

Riddle's Manual of Scripture History, fcp 4g, 

— Outlines of Scriptnre History, fcp 2«. 6d. 

Bothschild's History and Literature of the Israelites, 2 vols, orown 8vo 12*. 6d. 

— — — _ — Abridged, fcp. 8vo... S«. 6d. 

Kalisch's Commentary on the Old Testament; with a New Translation. 

Vol. I. Qenesis, 8vo. 18«. or adapted for the General Header, 12«. VoL II. 

Bxodus, 15t. or adapted for the General Reader, 12*. Vol. m. 

Levitious, Part 1. 15$. or adapted for the Greneral Reader, 8$, Vol. lY. 

Leviticus, Part 11. 15«. or adapted for the General Reader, 8«. 

Whately's Introductory Lessons on Christian Evidences, 18mo 6d. 

Sewell's Self -Examination before Confirmation, S2mo 1$. 6d. 

— Readings for a Month Preparatory to Confirmation, fop i$, 

— Preparation for the Holy Communion, S2mo 9$. 

— Readings for Every Day in Lent, from Jeremy Taylor, fcp 5«. 

Bartle's Exposition of the Church Catechism, l2mo 1$. dd. 

Nash's Compendium of the Book of Common Prayer, fcp 2$. Sd. 

Norris's Catechist's Manual, 18mo l«.Sd. 

Bonltbee's Exposition of the Thirty-Nine Articles, fcp „ 9$, 

Menial and Moral Philosophy, and CivU Law, 

Lewes's History of Philosophy from Thales to Comte, 2 vols. 8vo S2«. 

Whately's Lessons on Reasoning, fcp l«.6d. 

Mill's Analysis of the Phenomena of the Human Mind, 2 vols. 8vo 28t. 

— System of Logic, Ratiocinative and Inductive, 2 vols. 8vo 25f. 

Killick's Student's Handbook of Mill's System of Logic, crown 8vo 3$. 6d. 

Stebbing's Analysis of Mill's System of Logic, 12mo S«. 6d. 

Thomson's Outline of the Necessary Laws of Thought, post 8vo. ,.... 6«. 6d. 

Bacon's Essays, with Axmotations by Archbishop Whately, 8vo 10». fid, 

— — Annotated by Hunter, crown 8vo B$.9d, 

Markby's Bacon's Essays, with References and Notes, fop 1$. Qd. 

Whately's Elements of Logic, 8vo. 10«. 6d. crown 8vo 4t. 6d. 

— Elements of Rhetoric, 8vo. 10«. 6d. crown 8vo 4«. dd. 

Bain's Rhetoric and English Composition, crown 8vo 4«. 

— Mental and Moral Science, crown 8vo 10*. 6d. 

MoreU's Handbook of Logic, for Schools and Teachers, fcp * 2t. 

— Introduction to Mental Philosophy, 8vo 12*. 

TJeberweg's Logic, translated by Lindsay, 8vo Ite. 

Hume's Treatise on Human Nature, by Green and Grose, 2 vols. 8vo 28». 

— Essays, by the same Editors, 2 vols. 8vo 28f. 

Stirling's Secret of Hegel, 2 vols. 8vo 28».. 

Amos's Science of Jurisprudence, 8vo 18*. 

— Primer of English Constitution and Goverzmient, 8vo 6«. 

Sandars's Institutes of Justinian, 8vo 18«.- 

Aird's Blaokstone Economised, postSvo 7«. dd. 
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Principles of Teaching y 8fc, 

Maton's Areopagitica, edited by Osborn, 12mo l«.ed. 

Sewell'B Principles of Education. 2 vols, fcp 12«. 6d. 

Johnston's Ladies' College and School Examiner, fop, 1«. 6d. Key 2<. 6d. 

BobinsQn's Manual of Method and Organisation, fcp 8«. 6d. 

Gill's Artof Teaching to Observe and Think, fcp 2«. 

SnlliTan's Papers on Education and School-Keeping, 12mo 2«. 

Potts's Inber Cantabrigiensis, Part I. fcp 4«.6d. 

— Account of Cambridge Scholarships and Exhibitions, fcp \t. 6ci. 

Lake's Book of Oral Object Lessons on Common Things, 18mo U.6d. 

Johnston's Army and Civil Service Guide, crown 8to 5«. 

— Civil Service Guide, crown 8vo 8#. 6d. 

— Guide to Candidates for the Excise, post 8vo If. 6d. 

M'Leod's Middle-Class Examiner, Book 1. 18mo 1«. 

The Greek Language, 

Eowle's Short and Easy Greek Book. 12mo 2«. 6<l. 

— First Easy Greek Beading-Book, 12mo Nearly ready. 

Parry's Elementary Greek Grammar, 12mo 8«. Cd. 

Farrar's Brief Greek Syntax and Accidence, ISmo 4». 6d. 

— Greek Grammar Bules for Harrow School, ISmo 1». 6d. 

Kennedy's Greek Grammar, 12mo ^ 4«. 6d. 

— Greek Verse Materials, or Falffistra Musarum, 12mo 5«. 6d. 

CoHIs's Chief Tenses of the Greek Irregular Verbs, 8vo 1». 

Collis's Pontes Classic!, No. IL Greek, 12mo 8«. 6d. 

— Praxis Grsdca : Etymology, 12mo 2*.6d. 

Collis's Greek Verse-Book : Praxis lambica, 12mo 4«.6d. 

Donaldson's New Cratylus, 8vo 21», 

Wilkins's Manual of Greek Prose Composition, crown 8vo 7«. 6d. Key 2«. Gd. 

— Exercises in Greek Prose Composition, crown 8vo. ...4«. 6d. Key 2». 6d. 

— Progressive Greek Delectus, 12mo 4«. Key 2«. 6]^. 

— Progressive Greek Anthology, 12mo 5». 

Valpy's Greek Delectus, improved by the Bev. Dr. White, 12mo. 2«. 6d. Key 2«. 6d. 

Hall's Principal Boots of the Greek Tongue, 12mo 5«. 

Yonge's Larger English-Greek Lexicon, 4to 21*. 

— English-Greek Lexicon abridged, square 12mo 8«. 6d. 

Liddell and Scott's Larger Greek-Lexicon, crown 4to S6«. 

— — — Greek-English Lexicon abridged, square 12mo 7«.6d. 

Bloomfield's College and School Greek Testament, fcp 5«. 

Homer's Odyssey, Book n. by Almack 12mo l«.6d. 

Herodotus, Book VI. by Lovell, 12mo 2». 

iBschylus, Prometheus Vinctus, by Pinder, 12mo 2». 

Wilkina's Scriptores Attici, Excerpts with English Notes, crown 8vo 7«. 6d. 

— Speeches from Thucydides translated, post 8vo. 6«. 

ZeUer'B Plato and the Older Academy, translated by Alleyne and Goodwin 

In the preta 

Grant's Ethics of Aristotle, with Essays and Notes, New Edition In the preee 

Williams's Nioomachean Ethics of Aristotle translated, 8vo. 12«. 

Pindar's Odes, &c. revised and explained by Donaldson, 8vo 16$, 

Minor's Aleeitie, Hecuba, and Medea of Euripides, post 8vo each &•. 

Sophoclis Tragoediaa Superstites, recensuit Gullelmus Linwood, M.A. 8vo.l6«. 

Bight Comedies of Aristophanes, translated by L. H. Budd, MJL. 8vo 15*. 

Green's Peace of Aristophanes; crown 8vo, St. 6d. 

Isbister's Xenophon's Anabasis, Books I. to III. with Notes, 12mo 8«. 6d. 

Xenophon's Cyropeedia, Book I. by Wilkins, 12mo 2«. 

White's Xenophon's Expedition of Cyrus, with English Notes, 12mo 7*. 6d. 

Sheppard and Evans's Notes on Thucydides, crown 8vo 10«. 6d. 

Parry's Beges et Heroes, from Herodotus, with Notes, crown 8vo 8«. 6d. 
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White's Grammar-school Texts, with Vocahidaries, 

Horace, First Book of the Odes, 82mo 1«. 

Horace, Third Book of the Odes Nearly ready, 

Virgil, Fourth Book of theGeorgios 1«. 

Virgil, First Book of the-«Sneid 1». 

Virgil, Second Book of the.£ndd 1«. 

Virgil, Third Book of theJBneid It. 

Virgil, Sixth Book of theiEneid It. 

Sallust, Bellum Catilioariiun Nearly ready. 

CflBsar, First Book of the Gallic War It. 

Cesar, Second Book of the Gallic War Nearly ready. 

OsBsar, Third Book of the Gallic War 9d, 

OsBsar, Fourth Book of the Gallic War 9d. 

Caesar, Fifth Book of theGalUcWar , It. 

OsBsar, Sixth Book of the Gallic War It. 

Nepos, Miltiades, Cimon, Pausanias, and Aristides 9d. 

FhflBdms, Selections of Familiar and nsnaUy read Fables 9ii. 

Phasdms, First and Second Books of Fables 1«. 

Ovid, Select Myths from the Metamorphoses 9d, 

Ovid's Elegiacs, Selections Near^ ready. 

Xenophon, First Book of the Anabasis It.dd, 

Xenophon, Second Book of the Anabasis ' It. 

St. Mark's Gospel, Greek Text, English Vocabulary It. M. 

St. Luke's Gospel, Greek Text, English Vocabulary Nearly ready, 

St. John's Gospel, Greek Text. English Vocabulary l«.6ci. 

The Latin Langrmge, 

The Public School Latin Primer. 12mo tt.M. 

— — — — Grammar, by the Bev. B. H.Eennedy,D.D.p.8vo. 7«.6d. 
SubHdia Primariat Exercise Books to the Public School LaUn Primer^ 

Part I. Accidence, &c. 2«. 6d. Par II. Syntax, &c. 8«. 6d. 
Key to the Exercises in Subeidia Primaria, Parts I. and II. price 6«. 

Subsidia Primaria, ILL. the Latin Compound Sentence, 12mo m. U. 

Kennedy's Child's Latin Primer, or First Latin Lessons, ISmo 2f. 

The Child's Latin Accidence, extracted from the above, 12mo It. 

Fowle's Short and Easy Latin Book, 12mo It. 6d. 

— First Easy Latin Beading-Book, 12mo St. 6d. 

— Second Easy Latin Reading-Book, 12mo St. 6d. 

White'sFirst Latin Exercise-Book, 12mo 2t.6d. Key it. 6d. 

Wilkins's Progressive Latin Delectus, 12mo 2t. 

— Easy Latin Prose Exercises, crown 8vo. St. 6dE Eey2t. 6d. 

White and Biddle's Large Latin-English Dictionaryi 2 vols. 4to 4Se. 

White's College Latin-English Dictionary (Intermediate size), medium Svo.ISt. 

— Junior Student's Complete English-Latin and Latin-English 

Dictionary, square 12mo ISt, 

RAnAVAfAiv / '^^ Latin-English Dictionary, price 7t. 6d. 
beparateiy -^ r^^^ English-Latin Dictionary, price 6t. 6d. 

— Middle-Class Latin Dictionary, square fcp. 8vo St. 

Biddle's Young Scholar's Lat.-Eng. and Eng.-Lat. Dictionary, square 12mo.l0t. 6d. 

RAnftTfttAlvf ^® Latin-English Dictionary, 6t. 
Beparateiy-^ The English-Latin Dictionary, 5t. 

Biddle and Arnold's English-Latin Lexicon, 8vo ».tlt. 

— — — Abridged by Ebden, square post 8vo 7t. 6d, 

Kennedy's Elementary Latin Grammar, 12mo St. 6d. 

— Elementary Latin Beading-Book, or Tirocinium Latanum,12mo. it, 

— Second Latin Beading-Book, or Palsestra Latini, 12mo fit. 

— Latin Prose, Palaestra Stili Latini, 12mo fit. 

— — — Style, Curriculum Still Latini, 12mo....4t. 6d. Key 7t. 6d. 
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Collia's Chief Tenses of Latin Irresrnlar Verbs, 8vo U, 

Sheppard and Tnmer's Aids to Glassioal Study, 12mo 5«. Key 6a. 

Turner and Price's Aids to Classical Study, 12mo 0«. Key 0«. 

Moody'sEton Latin Grammar, 12mo S«.6d. The Accidence separately 1«. 

Collis's Pontes Classioi Latini, 12mo 8». 6d. 

Hall's PrinciiKd Boots and Derivatives of the Latin Language. 12mo 4«. 6d. 

Bradley's Latin Prose Exercises, ISmo S$. 6d. Key 6«. 

— Continuous Lessons in Latin Prose, 12mo 5«. Key 5«. 6d. 

Beverley's Exercises in Latin Prose Composition, crown 8vo. . ..2g.6d. Key &«. 
Wilkins's Manual of Latin Prose Composition, crownSvo &$. 6d. Key 2$. 6d. 

— Latin Prose Exercises, crown 8vo 4«.6d. Key 5«. 

— Notes for Latin Lyrics (in use in Harrow, &c.) 12mo 4«. 6d. 

— Latin Anthology, for the Junior Classes, 12mo 4«. 6d. 

— School Edition of Virgil's Qeorgics, crownSvo 4«.6c2. 

— Virgil's Eclogues and Oeorgics translated, post 8vo 8«. 6d. 

Valpy's Latin Delectus, improved by the Bev. Dr. White, 12mo 2«. 6d. 

Yonge's Latin Gradus, post 8vo. 9a. or with Appendix lia. 

Bapier's Introduction to Composition of Latin Verse, 12mo....8«. 6d. Key 2a. 6d. 
Walford's Progressive Exercises in Latin Elegiac Verse, 12mo. 2a. 6d. Key &a. 

— — — Second Series, 12mo 2«.6d. 

Horace's Odea and Epodes, translated by Lord Lytton, post 8vo 10«. 6d. 

Yonge's Odes and Epodes of Horace, School Edition, 12mo ia. 6(1. 

— Satires and Epistles of Horace, School Edition, 12mo ba, 

— I4brary Edition of the Works of Horace, Svo 21«. 

Cooington's 2Bneid of Virgil, translated into English Verse, crown Svo. ... 9a. 

— Miscellaneous Writings, 2 vols. Svo 28». 

Kexmy's Virgil's iEneid, Books I. II. III. and V. ISmo each Book Is. 

Pycroft's Virgil, with English Notes, 12mo. 7a. 6d. without Notes S«. 6d. 

Bradley's Troy Taken, the Second Book of Virgil's ^neid, fcp 2$. 6d. 

Parry's Origines Bomane, from Livy, with English Notes, crown Svo 4«. 

White's Cicero's Cato Major and Laelius, i2mo 8«. 6d. 

— Livy, Book XXIII. with English Notes, 12mo 2«.6d. 

Nash's Cicero pro Lege Manilla, with English Notes, 12mo 1«. 6d. 

— Livy, Book XXI. with English Notes, 12mo 2*.6d. 

— Horace Epistles, Book I. with English Notes, 12mo 1«. 6d. 

Yonge's Ciceronis Epistoln, with English Notes, Books I. 11. and III. Sa. 6d. 
Bradley's Cornelius Nepos. improved by the Bev. Dr. White, 12mo 8«. 6d. 

— Ovid's Metamorphoses, improved by White, 12mo ia. 6d. 

— Select Fables of Phsadrus, improved by the Bev. Dr. White, 12mo. 2a. 6d. 

— Eutropius, improved by the Rev. Dr. White, 12mo 2». 6d. 

Isbister's Ceesar, Books I.— VII. 12mo. 4», or with Heading Lessons ia. 6d. 

— Cflssar's Commentaries, Books I.— V. Time Sa. 6d. 

— First Book of Ceesar's Gallic War, 12mo 1». 6d. 

Kenny's Caesar's Commentaries, Book I. iSmo. 1«. Books II. and III la. 

Church and Brodribb's Pliny's Letters, with English Notes, crown Svo. ... 6*. 

The ^ench Language, 

The Stepping-Stone to French Pronunciation, ISmo 1«. 

Prendergast's Mastery Series, French, 12mo 2«. Cd. 

Sti6venard's Rules and Exercises on the French Language, 12mo 8», 6d. 

Belin's French and English Idioms, 12mo 2«. 6d. 

Ventouillao's French Poetry, with English Notes, ISmo 2a, 

Contanseau's Practical French and English Dictionary, post Svo lo«. 6d. 

Fart I. French-English , 5«. 6d. Part II. English-French, 5«. 6d. 

— Pocket French and English Dictionary, square ISmo s«. 6d. 

— Premieres Lectures, 12mo 2*. 6d. 

— First Step in French, 12mo 2a.6d. 

— French Grammar, 12mo U. 

Key to Exercises in Contanseau's * First Step ' and * French Grammar,' l2mo. S«. 
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Contaoiean'B Gtdde to Frtnolx Tran8latioii,12mo Z$. 6d. Key Sc. 6d. 

— Prosateun et Pontes FranfaiB, ISmo St. 

— Precis de la Litt^ratnre Fnnfaise, 12mo 8«.6d. 

— Abr6g6 de rHistolre de France, ISmo S«.6d. 

OontanBean'B Middle-Clasa French Conrse, iSmo. 



Frendi Translation-Book, Sd. 
Easy French Deleetos, 8d. 
First French Beader, 8d. 
Second French Reader, 8d. 



Aooidenoe, 8d. 

Syniiax,8d. 

French Conyeraation-Book, 8d, 

First French Ezerdse-Book, 8d. 

Second French Ezereise-Book, 8d. 

Merlet's French Grammar, fcp b$.Od, 

— French PronimGlation and Accidence, fcp. 8«. 6d >_ . « -^ 

— Syntax of the French Grammar, fop. 8«. 6d. J ^"» pno«M. M. 

— Le Tradnctenr, f cp S*.6(|. 

— Stories for French Writers, fcp is. 

— Aper^n de la Litt^ratnre Franfaise, fcp 2«.6d. 

— Exercises in French Composition, fep i$.M. 

— French Synonymes, fcp , l».6d, 

— Synopsis of French Grammar, fcp 2«.6d. 

Sewell'B Contes Fadles, from Modem French Writers, crown 8vo 8«. 6d 

— Extraits Ghoisis des Anteors Modemes, crown Svo 5», 

Sti^Tsnard's Lectures Fran9aises ftrom Modem Authors, 12mo is. M. 

Souyestre's Philosophe sous les Toit»,by Stidvenard, square l&mo is. 6d. 

Germany Spaniihj Hebrew ; Hindustani and Sanskrit, 

Just's German Grammar, 12mo 1«. 6d!. 

— German Beading Book, ISme 8«.6d. 

Wintaser's First German Book for Beginners, fop 8«. 6d. 

Fiseher-Fischart's Elementary German Gnunmar, fcp U. ed, 

Wirth's German Chit-Chat, crown 8vo 2».6d. 

Prendergast's Handbook to the Mastery Series, 12mo 1«. 6d. 

— Mastery Series, German, ISmo ,.. 2«. 6d. 

— Manual of Spanish, 12mo 2«. 

— Manual of Hebrew, crown gyo 8«.6d. 

Blackl^s Practical German and English Dictionary, post Svo 7«. Qd. 

Kalisch's Hebrew Grammar, with Exercises. Part 1. 8yo 12«. (kt. Key hs, 

— — — PartII.8yo 12».6d. 

MuBer's (Max) Sanskrit Grammar for Beginners, royal 8yo. 15<. 

Benfey's Sanskrit-English Dictionaiy .....52«. 6d 

KnowUdge for the Yotmg^ 

The Stepping-stone to Knowledge, 18mo i,. 

Second Series of the Stepping-Stoue to Knowledge, 18mo i«. 

The Stepping-stone to Geography, 18mo 1». 

— — English History, 18mo 1*. 

— — Bible Elnowledge, 18mo. 1», 

— — Biography, 18mo It. 

— — Irian History, i8mo 1», 

— — French History, 18mo It. 

— — Boman History, 18mo It, 

— — Grecian History, 18mo 1». 

— — ' English Grammar, 18mo It. 

— — French Pronunciation and Gonyersation, 18mo. ... Ir. 

— — Astronomy, 18mo It. 

— — Music, 18mo It. 

— — Natural History, 2 Parts. 18mo 1«. each. 

— — Animal and Vegetable Physiology, ISmo it. , 

— — Architecture, 18mo It. 
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